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Abstract 
 
Thanks to their capability of transmitting light with low loss, optical fibers have found a wide 
range of applications in illumination, imaging, and telecommunication. However, since the light 
guided in a regular optical fiber is well confined in the core and effectively isolated from the 
environment, the fiber does not allow the interactions between the light and matters around it, 
which are critical for many sensing and actuation applications. Specially shaped optical fibers 
endow the guided light in optical fibers with the capability of interacting with the environment by 
modifying part of the fiber into a special shape, while still preserving the regular fiber’s benefit of 
low-loss light delivering. However, the existing specially shaped fibers have the following 
limitations: 1) limited light coupling efficiency between the regular optical fiber and the specially 
shaped optical fiber, 2) lack special shape designs that can facilitate the light-matter interactions, 
3) inadequate material selections for different applications, 4) the existing fabrication setups for 
the specially shaped fibers have poor accessibility, repeatability, and controllability.  
The overall goal of this dissertation is to further the fundamental understanding of specially 
shaped fibers and to develop novel specially shaped fibers for different applications. In addition, 
the final part of this dissertation work proposed a microfluidic platform that can potentially 
improve the light-matter interactions of the specially shaped fibers in fluidic environments. The 
contributions of this dissertation work are summarized as follows: 1) An enhanced fiber tapering 
system for highly repeatable adiabatic tapered fiber fabrications. An enhanced fiber tapering 
system based on a novel heat source and an innovative monitoring method has been developed. 
The novel heat source is a low-cost ceramic housed electric furnace (CHEF). The innovative 
monitoring method is based on the frequency-domain optical transmission signal from the fiber 
that is being tapered. The enhanced fiber tapering system can allow highly repeatable fabrication 
of adiabatic tapered fibers. 2) A lossy mode resonance (LMR) sensor enabled by SnO2 coating 
on a novel specially shaped fiber design has been developed. The developed LMR sensor has a 
D-shape fiber tip with SnO2 coating. It has the capability of relative humidity and moisture sensing. 
The fiber-tip form factor can allow the sensor to be used like a probe and be inserted into/removed 
from a tight space. 3) Specially shaped tapered fibers with novel designs have been developed 
for integrated photonic and microfluidic applications. Two novel specially tapered fibers, the 
tapered fiber loop and the tapered fiber helix have been developed. The tapered fiber loop 
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developed in this work has two superiority that differentiated itself from previous works: a) the 
mechanical stability of the tapered fiber loop in this work is significantly better. b) the tapered 
fiber loops in this work can achieve a diameter as small as 15 𝜇m while still have a high intrinsic 
optical quality factor of 32,500. The tapered fiber helix developed in this work has a 3D structure 
that allows it to efficiently deliver light to locations out of the plane defined by its two regular fiber 
arms. Applications of the tapered fiber helices in both integrated photonic device characterizations 
and microparticle manipulations have been demonstrated. 4) Developed an acrylic-tape hybrid 
microfluidic platform that can allow function reconfiguration and optical fiber integration. 
A low-cost, versatile microfluidic platform based on reconfigurable acrylic-tape hybrid 
microfluidic devices has been developed. To the best of the author’s knowledge, this is the first 
time that the fabrication method of sealing the acrylic channel with a reconfigurable functional 
tape has been demonstrated. The tape-sealing method is compatible with specially shaped fiber 
integrations. 
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Chapter 1 INTRODUCTION AND BACKGROUND 
1.1 PROBLEM OF INTEREST 
Since the pioneering work of light-guiding glass fibers by Sir Charles K. Kao in 1960s, optical 
fibers have flourished in the telecommunication industry, its anticipated market size is going to 
reach USD ~ 4 billion by 2025  [1]. Optical fibers are preferred in the telecommunication industries 
because it can deliver optical signals with low loss and minimum noise is introduced during the 
transmission. This is because in a regular telecom fiber, the guided light is well confined in the 
core and effectively isolated from the environment. In addition to telecommunication, other 
applications have also enjoyed various advantages of the optical fibers. For example, in fiber optic 
illumination and endoscope applications, the flexible optical fiber can transmit light with low loss 
and deliver light to locations otherwise difficult for light to reach (e.g. within the human body).  
However, in many applications such as sensing and actuation [2–4], efficient light delivery 
is not enough to fulfill the task, and it is imperative to enable the interactions between the guided 
light and the matters around the fiber. Despite its importance, a regular optical fiber does not allow 
the light to interact with the environment. Although light-matter interactions have been commonly 
enabled by light propagating in free space, such interactions are subject to the limitations of free-
space optics, such as spatial resolution confined by the diffraction limit, light scattering and 
absorption of the media, and susceptibility to the environmental fluctuations. By comparison, 
optical fibers enable convenient and reliable light delivery with high spatial resolution (not 
confined by diffraction limits), regardless of light scattering or absorption by the environment, 
resulting in well-controlled light-matter interactions.  
A general solution to the fiber-delivered light-matter interactions is the specially shaped 
optical fiber. Such fibers can have modified exotic geometry, engineered material properties, and 
carefully designed light manipulation capabilities that address the particular needs of various 
applications. The ideal specially shaped fiber should be easily accessible, can be fabricated in a 
repeatable and controllable manner, allows strong light-matter interactions at the desired location 
at the fibers, and facilitates low-loss, robust light delivery and readout. Both fiber-end and in-line 
types are interesting/important. The fiber-end specially shaped fibers can allow easy and quick 
 2 
insertion/removal of the fiber at point of interest. The in-line specially shaped fibers can allow a 
continuous low-loss light propagation along the fiber and is ideal for micro/nano-device optical 
characterizations.  
The state of art of both types will be reviewed in Sections 1.2 and 1.3, and their challenges 
will be detailed in Section 1.4. This dissertation work aims to develop highly accessible novel 
specially shaped optical fibers of both in-line and fiber-end types with enhanced capabilities for 
different applications.  
1.2 REGULAR OPTICAL FIBERS 
1.2.1 Basic information of regular glass optical fibers 
Most of current commercially available fibers are made of glass. These fibers can be categorized 
into three groups by their internal structures.  
Step-index fibers: The most widely used step-index fibers have two layers, the core and the 
cladding, and each layer has a constant and uniform refractive index. The refractive index of the 
core of the step-index fiber is larger than that of the cladding, which allows it to guide light through 
total internal reflections.  
Graded-index fibers: A graded-index fiber also has the core-cladding two-layer structure similar 
to the step-index fiber. But while its cladding has a uniform and constant refractive index, the 
refractive index profile of its core is a function of the radial distance from the cylindrical fiber’s 
longitudinal axis. Because this gradually changing core refractive index, light in a graded-index 
fiber is being continuously focused and guided. 
 Microstructured fibers: In a microstructured fiber, the structure within the cylindrical glass rod 
is modified by air holes. Light in a microstructured fiber can be guided not only by the refractive 
index differences of the fiber but also through the constructive interference of scattered light. For 
example, one type of microstructured fiber called the photonic crystal fiber guides light based on 
the photonic bandgap effect.  
Optical fibers can also be classified into two categories based on the number of supported 
optical modes, namely the single-mode fibers and multi-mode fibers. The optical modes which are 
the electromagnetic field distributions of the propagating light at the fiber’s cross section are found 
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by solving the Maxwell’s equation under the boundary condition imposed by the optical fibers 
(more details will be discussed in later sections). The single-mode optical fibers support only one 
optical mode (the fundamental mode), while the multi-mode optical fibers can support more than 
one optical mode, in fact, it is common that a multi-mode fiber can support more than hundreds of 
modes. In the telecommunication industry, because of its mature fabrication technics, low 
propagation loss and low modal dispersion, the step-index single-mode fibers working at the 
wavelength of 1310 nm and 1550 nm are widely used. Because of their mass adoption in the 
telecommunication industry, the cost for this type of optical fibers is very low (see Table 1 below 
for comparison), resulting in unparalleled accessibility. In addition, most of the fabrication and 
characterization methods for the custom step-index, single-mode fibers are valid for multimode 
fibers. Considering these advantages of the step-index fiber, I have chosen the single-mode step-
index fiber (SMF-28, Corning) from Corning for all the works done in this dissertation. The 
SMF-28 fiber’s core has a diameter of 8.2 𝜇m and a refractive index of 1.452, its fiber cladding 
has a diameter of 125.0 ± 0.7 𝜇m and a refractive index of 1.447. 
Fiber Type Cost per meter ($) 
Optical Loss 
(dB/km) 
Working 
Wavelength (nm) 
Step-index 
Single-mode fiber  0.08 ≤ 0.32 1310  
Step-index 
Multi-mode fiber 4.82 ≤ 8 250-1200 
Graded-index  
Multi-mode fiber 1.29 
≤2.3 @ 850 nm 
≤0.6 @ 1300 nm 800-1600 
Photonic crystal fiber 160.74 ≤ 3 1550 
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1.2.2 Optical modes of regular step-index optical fibers 
 
 
Figure 1 Schematic of the cross section of a regular optical fiber. 
 
 
Consider a step-index optical fiber with core radius of 𝑟$%&' , core refractive index 𝑛$%&' , and 
cladding refractive index 𝑛$)*++,-., as shown in Figure 1. The optical modes supported by this 
fiber can be found by solving the source-free Maxwell's equations (Equation 1-4) under the 
boundary condition (Equation 5-6) that at the core-cladding boundary the tangential components 
of the electric field 𝐸0⃑ 2 and the magnetic field 𝐻0⃑ 2 should be equal  [15]. 
 ∇ ∙ 𝐷0⃑ = 0 (1) 
 ∇ ∙ 𝐵0⃑ = 0 (2) 
 ∇ × 𝐸0⃑ = −∂B𝜕𝑡  (3) 
  ∇ × 𝐻0⃑ = ∂D00⃑𝜕𝑡  (4) 
  𝐸0⃑ 2$%&' = 𝐸0⃑ 2$)*++,-. (5) 
 𝐻0⃑ 2$%&' = 𝐻0⃑ 2$)*++,-. (6) 
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In the above equations, 𝐸0⃑  is the electric field, 𝐵0⃑  is the magnetic flux, 𝐷0⃑ = 𝜖𝐸0⃑  is the electric 
displacement field, where 𝜖 is the permittivity of the medium, and 𝐻0⃑ = B0⃑C is the magnetic field, 
where 𝜇 is the permeability of the medium.   
For most of the step-index fibers, the refractive index difference between the core and the 
cladding are very small, and hence a simplifying approximation of 𝑛$%&' ≅ 𝑛$)*++,-.  can be 
applied  [15] to the solutions of the above equations. This approximation is called the weakly 
guiding approximation. The simplified solutions of the optical modes are called the linearly 
polarized modes (LP modes). The optical intensity distributions of different LP modes at the cross 
section of the fiber core are shown in Figure 2 (a). The relation between the linearly polarized 
modes in a step-index fiber and the fiber core radius and light wavelength are characterized in a 
plot called the dispersion-curves plot as shown in Figure 2 (b). In the plot, the normalized 
frequency (or V-number) 𝑉 = FGH 𝑟$%&'I𝑛$%&'F − 𝑛$)*++,-.F , the normalized propagation constant 𝑏 = -KLLM N-OPQRRSTUM-OVWKM N-OPQRRSTUM , where 𝑛'XX is the effective refractive index of the optical mode. To find out 
the LP modes supported by the step-index fiber at different V-number, one can draw a line 
perpendicular to the V-number axis and look for the crossing between the line and the dispersion 
curves. From the dispersion-curves plot, it is obvious that as the V-number decreases, the number 
of supported LP modes will also decrease. In fact, when the V-number value is below 2.405, a 
step-index fiber will support only the 𝐿𝑃[\ optical mode [15]. As a result, the V-number value of 
2.405 is a critical value that can be used to determine whether a step-index fiber is single-mode or 
multi-mode.   
 
Figure 2 (a) Optical intensity distribution of different LP modes at the cross section of the fiber 
core. (b) The dispersion curves of different LP modes. 
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1.3 STATE OF THE ART OF SPECIALLY SHAPED FIBERS 
Various special-shape fibers for a wide range of applications have been developed [XX], to cover 
all of them here is not realistic. In this dissertation, I will review 6 specially shaped fibers that is 
most representative and also most relevant to the work of this dissertation (special-shapes that 
facilitate the light-environment interactions), including straight tapered fibers [9,16–19], 
dimpled tapered fibers [9,10], tapered fiber coils [7,8,14,20,21], tapered fiber knots [7,11,22–
26], tapered fiber loops  [27–31], and D-shape fibers [32,33].  
1.3.1 Straight tapered optical fibers  
We will start our review of state-of-the-art of special-shape fibers with straight tapered fibers. 
Straight tapered fibers are first reviewed not only because it has a wide range of applications but 
also because it is the basis for several other special-shape fibers including the dimpled tapered 
fibers, the tapered fiber coils, the tapered fiber knots and the tapered fiber loops. 
1.3.1.1 Basic information of the straight tapered optical fibers 
Geometric parameters of a tapered fiber 
 
 
Figure 3 Schematic of the different sections of the tapered fibers [18] (b) Calculated electric 
intensity profile of tapered fibers with different diameters. [18] (c) 3-D schematic of the straight 
tapered fiber. The insets show the simulation results of the optical modes at different parts of the 
tapered fiber. 
 
 
Straight tapered fibers are fabricated from regular single-mode step-index optical fibers by 
tapering down a part of a regular fiber. A straight tapered fiber can be separated into three different 
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sections as shown in Figure 3 (a), including the regular fiber section, the taper section or the 
transition section, and the waist section. The regular fiber section is not affected by the tapering 
and has the same geometry as an un-tapered regular fiber. In the transition section, the diameter of 
the tapered fiber gradually decreased from that of a regular fiber to that of the waist section. The 
total length of the two transition sections are called the tapering length. In the waist section, the 
diameter of the tapered fiber reaches the smallest value and has a uniform profile. 
 
Optical modes and the evanescent field of a tapered fiber 
When the light is launched into a tapered fiber, it will be coupled from the regular fiber section 
through the transition section into the waist section of the tapered fiber. At the waist section, as 
shown in Figure 3 (b-c), the light will no longer be guided by the core-cladding boundary, instead, 
it will be guided by the cladding-environment boundary, in the case of Figure 3 (b-c) the 
environment is the air. This means that in the waist section, the previous cladding of a regular fiber 
will become the effective core and the surrounding air will become the effective cladding. At the 
waist section, as shown by the inset in Figure 3 (c), part of the electromagnetic field of the 
propagating light is extended into the environment. This extended electromagnetic field is due to 
the boundary conditions imposed by the electromagnetic theory [15] which says that the tangential 
electric field (𝐸0⃑ 2 ) and magnetic field (𝐻0⃑ 2 ), and the normal electric displacement field 𝐷0⃑-  and 
magnetic flux 𝐵0⃑ - should be equal at the boundary of two source-free dielectric medium. When 
light is propagating in an optical fiber, because the electromagnetic field within the fiber core is 
continuous and is not zero at the core-cladding boundary, part of the electromagnetic field will 
have to extend outside the core and into the cladding, so that the boundary conditions are satisfied. 
This extended electromagnetic field is also known as the evanescent field of a waveguide. For 
input light with the wavelength of ~1.3 𝜇𝑚 , the range of the evanescent field is only a few 
micrometers, so that in the regular fiber section, the evanescent field is embedded within the 125 𝜇𝑚 fiber cladding. However, in the waist section of a tapered fiber, because the effective cladding 
has become the environment (e.g. air, water), the evanescent field will be able to extend into the 
environment and the light carried by the evanescent field is ready to be exploited for light-
environment interactions. 
High-quality straight tapered fibers 
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The quality of a straight tapered fiber is determined by both its optical insertion loss and its tapering 
length (total length of the two transition sections). A high-quality tapered fiber with low-insertion 
loss is called an adiabatic tapered fiber. The word “adiabatic” is borrowed from thermodynamics, 
which means a process that does not involve the transfer of heat or matter into or out of a system. 
In here, adiabatic means that the process of light coupling from the regular fiber section to the 
waist section has low optical loss [18]. Correspondingly, the tapering process that fabricates 
adiabatic tapered fibers is called an adiabatic fiber tapering process. The requirement for the 
tapering length for a high-quality tapered fiber is different for different applications. A long 
tapering length is preferred when a long interaction length between the light and the 
environment [34] or the tapered fiber itself [35] is required, while a short tapering length is 
preferred when the application require the tapered fiber have high mechanical stability and can be 
maneuvered easily [9]. With the abovementioned two requirements for the high-quality tapered 
fiber, an ideal fiber tapering setup should have the capability of fabricating high-transmission 
tapered fibers with different lengths. 
1.3.1.2 Existing fiber tapering methods 
We have mentioned in the section above that a tapered fiber is fabricated by tapering down a part 
of a regular fiber, in practice, mainly two fiber tapering methods have been used, namely, the heat-
and-pull method [9,18,36,37] and the HF-etching method [38,39]. Detailed reviews for both 
methods are presented in the following sections.  
1.3.1.2.1 The heat-and-pull fiber tapering method 
In the heat-and-pull method, both ends of a straightened regular fiber will first be clamped onto 
two motorized stages, the center part of the fiber is then heated up by a heat source to a temperature 
above the transition temperature of the glass and becomes soft. The softened fiber will be pulled 
by the two motorized stages and being thinned down. To illustrate the fiber tapering setup based 
on the heat-and-pull method, a general schematic of the setup is shown in Figure 4 without 
specifying the type of heat source used. 
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Figure 4 A general schematic of the heat-and-pull based fiber tapering setup. 
 
Effective heating length and its relationship with the tapered fiber geometry 
For most of the heat sources put in a room environment, there is a temperature gradient within the 
heat source. The effective heating length of a heat source used for the fiber tapering is defined as 
the length of the heat source within which the temperature is higher than the glass’ transition 
temperature (meaning it is high enough to soften the glass for the tapering). The geometry of a 
tapered fiber fabricated by the heat-and-pull method can be described by Equation (7-8) with 
parameters defined in Figure [5].  
 
 
Figure 5 Schematic of a tapered fiber fabricated by the heat-and-pull fiber tapering method [40]. 
The parameters defined in the schematic is used in Equation (7-8). 𝑟[: radius of a regular fiber; 𝑟(𝑧): radius of the fiber at the transition section; 𝑤: radius of the tapered fiber waist; 𝐿: the 
tapering length; ℎ: effective heating length. 
  
  
 𝑟(𝑧, 𝐿) = 𝑟[ exp hNij k      for 0 < 𝑧 < mF (7) 
 𝑟(𝑧, 𝐿) = 𝑤 ≡ 𝑟[exp	(NmFj)      for mF < 𝑧 < mpjF  (8) 
  
Flame-based fiber tapering setups 
Flame can easily achieve the temperature required for the fiber tapering (transition temperature of 
glass) and is widely used as the heat-source for the fiber tapering  [9,19,37,40,41]. Mainly two 
types of flames have been used for the fiber tapering [41], including oxygen-butane torch 
generated flame [36] and oxygen-hydrogen torch generated flame  [9], as shown in Figure 6 (b). 
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Figure 6 (a) An oxygen-butane-torch based fiber tapering setup [36]. (b) An oxygen-hydrogen-
torch based fiber tapering setup [9]. 
 
While flames can be easily accessed, it need to be carefully controlled to generate high-
quality adiabatic tapered fibers. Firstly, to prevent the environment’s disturbance on the flame, 
such as environmental air flows, the tapering setup need to be enclosed in a segregated 
environment. As we can see in Figure 6 (b), the oxygen-hydrogen-flame-based tapering setup is 
enclosed by an acrylic protective enclosure. Secondly, even in an environment that the air flow is 
static, the flame can still be fluctuating due to the unstable gas flow [27]. Furthermore, in the case 
of oxygen-butane torch, to ensure a complete combustion, the ratio between the oxygen and butane 
flow need to be well controlled. An incomplete combustion of oxygen-butane gas will generate 
soot and contaminate the tapered fiber. To stabilize and well control the gas flow, a relatively 
complex gas flow control setup is required, such as the one shown in Figure 7 (a). 
 
 
Figure 7 (a) Schematic of a gas flow control system for an oxygen-hydrogen flame for the fiber 
tapering.  [41] (b) Flame torches with different nozzle diameters. The sizes of the nozzles goes 
from the largest to the smallest by HT-3, HT-1, HT-0, OX-1, OX-0, and OX-00. [9] 
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For a flame-based, heat-and-pull fiber tapering setup, there are two ways to change the tapering 
length of a tapered fiber. One is to change the size of the flame by using torches with different 
nozzle sizes as shown in Figure 7 (b)  [9]. A larger flame size will give a larger effective heating 
length and hence longer tapering length and vice versa. Another way to change the tapering length 
is to create a relative movement between the torch and the fiber. As shown in Figure 6 (a-b), the 
torches were mounted on motorized stages, during the tapering the torches will move relatively to 
the fibers in a brushing-like motion. By controlling the movement of the torch, the tapering setup 
can mimic different effective heating lengths longer than the size of the flame from the torch nozzle. 
Currently the flame-based fiber tapering setup is being widely used  [41], but many of them 
cannot repeatedly fabricate high-transmission tapered fibers. The limitations of the flame-based 
fiber tapering setup are summarized below:  
i. The stability of the temperature and position of the flame heat source is susceptible to the 
flow fluctuation of the environment. A non-stable flame will influence the adiabaticity of 
the transition-section of the tapered fiber and results in a low-transmission tapered fiber.  
ii. The stability of the flame heat source is will also be influenced by the unstable gas flow. 
iii. Incomplete combustion of the flame-based heat source will generate soot which will 
contaminate the tapered fiber and results in a low-transmission tapered fiber. 
CO2-laser-based setups 
A CO2-lasers-based fiber tapering setup shown in Figure 8 (a) and (b). In the fiber tapering setup 
based on direct CO2-laser heating, as shown in Figure 8 (a), part of the optical fiber is being heated 
by a focused CO2-laser spot which is scanning along the glass fiber. The heating mechanism is 
based on the glass fiber absorbing radiation energy from the CO2-laser [37]. Since the energy 
absorption efficiency of the glass fiber has an inverse square relationship with the diameter of the 
glass fiber, the minimum diameter of the tapered fiber achievable using the CO2-laser-based fiber 
tapering setup is limited (~3 µm) [37]. The effective heating length of the setup can be actively 
controlled by changing the scanning length and scanning speed of the laser spot  [37]. 
In the fiber tapering setup based on the indirect CO2-laser heating as shown in Figure 8 (b), 
the optical fiber is inserted into a sapphire tube which is being heated by a focused laser beam. 
The sapphire tube will absorb energy from the CO2 laser and the temperature within the sapphire 
tube will be raised above the glass transition temperature, which will allow the optical fiber to be 
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softened for the fiber tapering. In this case, the effective heating length will be determined by the 
length of the sapphire tube.  
The limitation of the CO2-laser-based fiber tapering setup is summarized below: 
i. For the fiber tapering setup based on direct CO2-laser heating, the minimum achievable 
tapered fiber diameter is limited (~ 3 µm). 
ii. For both setups, to achieve efficient heating, it is critical that the CO2-laser light spot is 
focused onto the glass optical fiber or the sapphire tube. To satisfy this requirement, the 
CO2-laser beam need to be re-aligned every time before usage. 
 
Figure 8 (a) A fiber tapering setup based on direct CO2-laser heating. [37] (b) A fiber tapering 
setup based on indirect CO2-laser heating  [8]. In the schematic, the fiber within the sapphire 
tube is indirectly heated by the CO2-laser. 
 
Commercial ceramic micro-heater-based setup 
 
Figure 9 (a) Schematic of a commercial micro-heater-based fiber tapering setup [42]. (b) Photo 
of a commercial ceramic microheater [27]. 
 
A commercial ceramic micro-heater-based fiber tapering setup is shown in Figure 9 (a). The 
heating mechanism of the microheater is based on electrical resistive heating. A close-up photo of 
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the micro-heater is shown in Figure 9 (b), the electrical heating element is embedded in a ceramic 
housing which insulates the heating chamber from the environment. The glass fiber can move into 
and out of the main heating chamber through a slot-like opening on the ceramic housing. Compared 
to the flame and CO2-laser, the micro-heater does not have the concern of unstable heating 
temperature, soot contamination, and require only little maintenance.  
Although with the abovementioned advantages, in the published tapered fiber works, the 
commercial micro-heater-based fiber tapering setup was not used as much as the flame and the 
CO2-laser based setup. The reasons that prevented the commercial micro-heaters’ wide adaption 
for the fiber tapering is mainly because it is relatively difficult to access these micro-heaters. To 
the best of the author’s knowledge, there are only two companies are currently selling micro-
heaters that can be used for the fiber tapering. One is from Micropyretics Heaters International Inc. 
(MHI), and another one is from NTT Advanced Technology (NTT-AT). The microheater from 
MHI has a high price tag of $20600, which is much higher than most of the flame or CO2-laser 
based fiber tapering setups. The microheaters from NTT-AT have a comparatively lower price of 
$2500. However, according to a researcher in other lab that is using the NTT-AT micro-heater, the 
life span of the microheater is only around 1 year. Furthermore, considering the lead time for the 
NTT-AT microheater is 4 to 6 months, using the NTT-AT microheater can cause serious time 
delay in the experiment. A comparison of the two commercially available micro-heaters is 
organized in Table 1.  
 
 Price Life span Lead Time 
MHI $20600 N/A 8 to 12 weeks 
NTT-AT $2500 
~ 1 year 
(form unofficial 
sources) 
4 to 6 months 
Table .1 Comparison of two commercially available ceramic 
microheaters. 
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1.3.1.2.2 The HF-etching-based fiber tapering method 
 
Figure 10 A schematic of the HF-etching based fiber tapering setup. [43] 
 
A fiber tapering setup based on hydrofluoric acid (HF) etching is shown in Figure 10 [43]. In this 
method, a section of the glass fiber is tapered down through chemical etching. Compare to the 
heat-and-pull method, although the HF-etching-based fiber tapering method is more 
straightforward, it is much less used [44]. This is mainly due to the high insertion loss of the 
tapered fiber fabricated by the HF-etching method. The high insertion loss is mainly caused by the 
light scattering at the rough etched surface. According to one published work [43], an HF-etching 
fabricated tapered fiber with diameter of ~2 µm will only have 10% light transmission. In 
comparison, most of the heat-and-pull methods can routinely fabricate tapered fibers with 
transmissions higher than 80%  [9,41]. In one recent work [44], to alleviate the insertion-loss 
problem in the HF-etching based fiber tapering, a surface-tension driven HF flow was used to both 
smoothen the fiber surface and to create a more gradual diameter change in the transition region. 
However, the etch time required by the surface driven flow is exceedingly long (~75 minutes), 
when compared with the heat-and-pull fabrication method that can fabricate a tapered fiber in 
around 7 minutes.  
1.3.1.2.3 Existing monitoring method for the fiber tapering and their limitations 
During a tapering process, the tapered fiber waist will experience a change of from the single-
mode state to the multi-mode state and back to the single-mode. In most applications [9,18], it is 
desired that the tapered fiber waist is at the single-mode state. To satisfy this requirement, the 
diameter of the tapered fiber waist need to be decreased below a critical value (details about the 
critical value will be discussed in later sections). However, while a waist diameter below the 
critical value can always be achieved through fiber tapering, a too small waist diameter will either  
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Figure 11 (a) and (b) Recorded real-time optical transmission signals during the fiber tapering 
processes. In (a)  [9], the decrease of the fluctuation amplitude when the tapered fiber reached 
the single-state can be differentiated by bare eyes. In (b)  [40], the decrease of the fluctuation 
amplitude when the tapered fiber reached the single-state cannot be differentiated by bare eyes. 
 
 
cause the tapered fiber to break or become mechanically weak. The most ideal time to stop the 
tapering process is right after the tapered fiber waist has reached the critical value and has back to 
the single-mode state. However, considering that during the tapering the tapered fiber waist is 
either being placed in a high-temperature heat source or in a highly erosive acid, it is difficult to 
directly monitor the diameter change of the tapered fiber waist in real-time. An indirect monitoring 
method based on the real-time optical transmission of the tapered fiber has been developed and is 
widely used. In this method, the tapered fiber waist’s transition from the multi-mode state to the 
single-mode state is determined by looking at the change of the fluctuation amplitude of the real-
time optical transmission signal. As shown in Figure 11 (a), when the tapered fiber waist has 
changed from multi-mode state back to the single-mode state, the real-time transmission signal has 
also become stabilized. However, in some cases, when the tapered fiber waist changed from the 
multi-mode state to the single-mode state, the fluctuation amplitude change of the real-time 
transmission is not obvious. This will lead to a misjudgment of the stoppage of the tapering and 
results in a too big or too small tapered fiber diameter. For example, in the transmission shown in 
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Figure 11 (b), before the tapered fiber waist reached the single-mode state (still have 3 co-
propagating modes), the transmission signal has already stabilized and has a similar fluctuation 
amplitude to that of the single-mode state tapered fiber. A monitoring method that can more 
reliably determine the stoppage of the tapering process is yet to be demonstrated.  
1.3.1.3 Applications of the straight tapered fibers  
1.3.1.3.1 Straight-tapered-fiber-based sensors 
 
Figure 12 Straight-tapered-fiber-based sensors. (a) A refractive sensor based on a tapered fiber 
with TiO2 nanofilm coating [45]. (b) A biosensor based on a tapered fiber with antibody 
coating [46]. (c) A Temperature sensor based on a tapered in an isopropanol environment [47]. 
(d) A liquid-property sensor based on a tapered fiber using the backscattering Brillouin 
phenomenon. The sensor can give mechanical property of the surrounding liquid [48]. 
 
Figure 12 (a) shows a high sensitivity refractive index sensor based on a TiO2 coated tapered 
fiber  [45]. The ~50 nm thick TiO2 is coated onto the tapered fiber using the atomic layer deposition 
(ALD) technology. Since the nanofilm has a higher refractive index than the silica fiber taper, the 
light cannot be confined by total internal reflection. The nanofilm acts as a Fabry-Perot cavity. The 
transmission spectrum of the sensor is related with the environmental refractive index. When the 
environmental refractive index increases the whole spectrum will red shift. A sensitivity of 7096 
nm/RIU was demonstrated. A tapered-fiber-based biosensor is shown in Figure 12 (b)  [46]. To 
fabricate the sensor, a layer of antibody was coated onto the surface of a tapered fiber whose waist 
diameter is ~10 𝜇m. When a broad-band light is input into the tapered fiber, the interference 
between the HE11 and HE12 optical modes will cause fringes in the transmission spectrum. When 
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an antigen layer is attached to the antibody, the refractive of the coating at the tapered fiber surface 
will be changed, which will cause a shift in the spectrum. As a result, the sensor can be used for 
label-free biomolecule detection. Figure 12 (c) shows a tapered-fiber-based temperature 
sensor  [47]. To fabricate the sensor, a 7.2 µm diameter MF was inserted into a capillary filled with 
isopropanol (IPA). Similar to the sensor shown in Figure 12 (b), because of the interference 
between the fundamental HE11 mode and the higher order modes fringes can be seen in the output 
optical spectrum. When the temperature changes, it will change the refractive index of the IPA 
which will cause the shift of the output optical spectrum. The sensor has shown a temperature 
sensitivity of ~3.88 nm/◦C. A tapered fiber sensor based on the backscattering Brillouin 
phenomenon is shown in Figure 12 (d)  [48]. The backwards Brillouin scattering is generated when 
the light is back scattered by the surface acoustic wave on the tapered fiber waist. The frequency 
of the backscattering Brillouin signal is related with the mechanical property of the environment. 
In the example shown in Figure 12 (d), when the environmental medium is changed from air to 
acetone, a 14 Hz frequency shift was observed. 
1.3.1.3.2 Micro-particle manipulation using the straight tapered fiber 
Tapered fibers offer a strong transverse confinement of the guided fiber mode while exhibiting a 
pronounced evanescent field surrounding the fiber. This unique combination allows to efficiently 
couple particles on or near the fiber surface to the guided fiber mode, making tapered optical fibers 
a powerful tool for their detection, investigation, and manipulation  [49]. In Figure 13 (a), a 0.95 𝜇m diameter straight tapered fiber was used to trap and propel polystyrene particles with a diameter 
of 3 𝜇m in water. The particles were trapped at the waveguide surface by the optical gradient force, 
which is directed toward the surface, and were then propelled along the surface by the optical 
scattering force, which occurs in the direction of light propagation [50]. In Figure 13 (b) a straight 
tapered fiber (600 nm diameter) is used to trap and propel biological samples, in this case, E. Coli 
(length: 1.8 𝜇m, diameter: 500 nm) in a fluidic environment [51]. The evanescent field of the 
straight tapered fiber can also be used for atomic trappings. In Figure 13 (c), a 500 nm diameter 
tapered fiber is used to trap cold cesium atoms [49]. The trapping force is the optical dipole force 
exerted by the evanescent field. The capability of the tapered fiber to detect, spectroscopically 
investigate, and mechanically manipulate cold atoms made it a powerful tool in quantum optics 
and cold-atom physics. Other than the optical force, the evanescent field can also exert 
photophoretic force to the nearby particles, and achieve massive particle trapping and 
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manipulations. The photophoretic force is generated when the leaked light from the tapered fiber 
is focused onto the back side of the transparent particle and caused the local temperature to 
increase [52]. As shown in Figure 13 (d), a straight tapered fiber (~1𝜇m diameter) is used to 
demonstrate massive SiO2 particle manipulations based on the photophoretic effect [52]. 
 
Figure 13 (a) and (b) show optical trapping and propelling of polystyrene particles [50]. and 
E.coli [51] respectively. (c) Trapping of cold cesium atoms using a straight tapered fiber [49]. (d) 
Massive micro-particle manipulation based on the photophoretic effect [52].  
 
While the straight tapered fibers have been widely used in micro/nano-particle manipulations, 
they also have certain limitations due to the straight-line geometry.  
i. A straight tapered fiber can only achieve in-plane particle manipulation. This limited its 
application in microfluidic applications where out-of-plane particle focusing is often 
desired. 
ii. Since most of the particle manipulations happen at the bottom of a fluidic environment 
(Figure 13 (a), (b), and (d)), to approach these particles the straight tapered fiber needs to 
be lowered down to a distance that is very close to the bottom substrate. This may cause 
the one section of the straight tapered fiber to be in contact with the bottom substrate and 
cause unwanted optical scattering loss. 
iii. The straight tapered fiber cannot selectively trap and propel a single desired particle from 
a group of particles. This is obvious in Figure 13 (a), where the straight tapered fiber was 
always in contact with several particles that were randomly distributed along the tapered 
fiber. 
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1.3.1.3.3 Integration of straight tapered fiber sensor with microfluidic devices  
 
Figure 14 Examples showing the integration of straight tapered fiber sensor with microfluidic 
devices. (a) Photo showing a straight tapered fiber inserted in the microfluidic channel for 
chemical and biological sensing. [53] (b) A liquid refractive sensor based on a straight tapered 
fiber embedded below a PDMS microfluidic channel. [54] (c) A label-free biomolecule sensor 
based on a straight tapered fiber inserted in a silicon-based microfluidic channel. [46] 
 
A tapered fiber has the advantages of small size (~ 1 𝜇m at the waist section) and high sensitivity 
to the environmental changes (e.g. environmental refractive index change). A microfluidic device 
can manipulate fluids at micro-scale at a fast rate with high accuracy. Combining the tapered fibers 
with the microfluidic devices can allow accurate high throughput sensing of fluids. As shown in 
Figure 14 (a), Tong et al. integrated tapered optical fiber with microfluidic chips for ultra-sensitive 
chemical and biological sensing with very low sample requirement. The work demonstrated bovine 
serum albumin (BSA) measurement with a detection limit of 10 fg mL−1 (using a sample volume 
of only 500 nL) [53]. Polynkin et al. developed a microfluidic device  [54] that can allow a highly 
accurate measurement of the refractive index of the fluids in the microfluidic channel as shown in 
Figure 14 (a). To fabricate the device, a straight tapered fiber was embedded a few micrometers 
below the microfluidic channel. The evanescent field of the tapered fiber was able to penetrate into 
the fluidic channel and will cause scattering loss due to the refractive index difference between the 
PDMS and fluids within the channel. The value of the scattering loss is higher when the refractive 
index difference between the PDMS and the fluids is larger. As a result, one can monitor the 
refractive index change of the fluids within the channel by looking at the optical transmission loss 
of the tapered fiber. Refractive index measurement accuracy as small as Δ𝑛 ≈ 5 ∗ 10Nv	has been 
demonstrated. Tian et al. developed a silicon-based microfluidic device that can allow a tapered-
fiber-based biosensor to be inserted into the microfluidic channel for label-free biomolecule 
detections, as shown in Figure 14 (b) [46]. The microfluidic channels were fabricated using 
photolithography and deep dry etching on silicon. The straight tapered fibers were fabricated using 
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the heat-and-pull method and can support two optical modes to propagate, the HE11 and the HE12 
mode. To insert the tapered fiber into the channel, the two arms of the tapered fiber with the 
polymer coating (250 𝜇m diameter) were tightly fit into the 245 𝜇m wide silicon channels. After 
the tapered fiber is inserted, the silicon channel will be sealed by a PDMS cover. In the sealed 
silicon channel, the tapered fiber can be in direct contact with the fluids flowing by. Particularly 
in this case, the tapered fiber waist is coated with a layer of IgG antibody and can be used to detect 
whether the fluids flowing by contains the IgG antigen.  
While the works mentioned above have demonstrated the great potential of integrating tapered 
fibers with microfluidic devices, neither the silicon-based microfluidic device nor the PDSM-based 
microfluidic device is an ideal solution for the following reasons: 
i. The fabrication processes for both devices are challenging. For the PDMS-based 
microfluidic device, the tapered fiber needs to be embedded into the PDMS before it is 
cured. In this process the highly viscous uncured PDMS may break the thin tapered fiber 
waist. Furthermore, it is challenging to control the distance between the embedded tapered 
fiber and the microfluidic channel. If the distance is too far, the evanescent field will not 
be able to penetrate into the channel, and if the distance is too close, the tapered fiber might 
break into the channel and cause fluids leakage.  For the silicon-based microfluidic device, 
during the insertion process of the tapered fiber, it is challenging to keep the thin tapered 
fiber waist straight and not touching the channel walls while also keeping it tension free 
and not breaking it. 
ii. The tapered fiber within the microfluidic device is not replaceable after the fabrication. 
It is desired that when the tapered fiber in the microfluidic device is broken or contaminated 
one can easily replace the old fiber with a new fiber without breaking the microfluidic 
device. However, this is not possible with both microfluidic devices described above. For 
the fiber embedded in the PDMS microfluidic device, one cannot take the fiber out without 
breaking the PDMS channel. For the fiber inserted into the silicon channel, since the device 
is permanently sealed by a PDMS cover, one cannot access the silicon channel without 
breaking the PDMS cover.  
iii. For the silicon-based microfluidic device, the fabrication process that involves 
photolithography and deep dry etching is expensive, time consuming, and is not widely 
accessible.   
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1.3.1.3.4 Straight-tapered-fiber-based optical probes 
 
Figure 15 Different types of optical micro-resonators that are probed by the straight tapered 
fiber. (a) A 2 𝜇m micro-disk optical resonator  [55]. (b) A micro-sphere optical resonator  [56]. 
(c) A micro-bottle optical resonator [57]. (d) A surface nanoscale axial photonic (SNAP) 
device [58]. 
 
Thanks to its large evanescent field and natural connections to regular single-mode fibers, the 
straight tapered fiber can be used as an optical probe to provide efficient light coupling into and 
out of micro-optic devices, particularly optical micro-resonators. In Figure 15 (a) shows an isolated 
2 𝜇m micro-disk resonator whose environment has been etched down [55]. The inset photo in 
Figure 14 (a) shows a straight tapered fiber coupling light into the micro-disk resonator. Figure 14 
(b) shows the schematic of a micro-sphere-resonator based optical sensor used for single virus 
detections [56]. As shown in the schematic, a 2	𝜇m diameter straight tapered fiber is used to couple 
light into and out of a ~100 𝜇m micro-sphere. The input light from the tapered fiber will excite an 
equatorial whispering gallery mode (WGM) on the microsphere. The output light from the same 
tapered fiber will give information of the resonance wavelength of the equatorial WGM, which is 
sensitive to the binding of a single virus and can be used for single virus detections. Figure 15 (c) 
shows a single-mode lasing device based on a polymer bottle micro-resonator [57]. A straight 
tapered fiber is not only used to couple pump light into the bottle resonator, but also to bring optical 
losses to suppress the higher-order WGM and to achieve single-mode lasing. In the schematic 
shown in Figure 15 (d), a straight tapered fiber is used to couple light into a surface nanoscale axial 
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photonic (SNAP) device which is a standalone glass rod (~40 𝜇m diameter) that has nanoscale 
surface variations [58]. 
Limitations of the straight tapered fiber probe. 
i. Because of the flat straight-line profile, the optical device that the straight tapered fiber is 
approaching need to have certain clearance from the environment. Otherwise, the thick 
arms of the tapered fiber (regular fiber) may interfere the light coupling that happens at the 
thin tapered fiber waist. For example, when using a straight tapered fiber for monolithic 
in-plane device probing, the thick arms of the tapered fiber may interfere with the substrate 
or other devices. In fact, the reason that the surrounding environment of the micro-disk in 
Figure 15 (a) is etched down, is to prepare the device for the straight tapered fiber probing.  
ii. While the straight tapered fiber probe can efficiently couple light into and out of an optical 
resonator device, the alignment between the straight tapered fiber and the resonator need 
to be carefully maintained and hence limited the sensing devices’ portability. It is desired 
that the optical micro-resonator can be integrated with a tapered fiber and acting as a 
portable standalone sensing device. 
1.3.2 Dimpled tapered fibers 
As we have mentioned in the above section, when using a straight tapered fiber to approach an in-
plane monolithic device its thick arms may interfere with the environment or other devices and 
cause unwanted optical losses. To solve this problem, another specially shaped optical fiber called 
the dimpled tapered fiber [9,10] can be used. The dimpled fiber will be discussed in this section. 
1.3.2.1 Fabrication of dimpled tapered fiber 
The fabrication process of a dimpled tapered fiber is shown in Figure 16. Briefly, after a straight 
tapered fiber is fabricated, its center waist section is first slightly relaxed by moving the two fiber 
clamps that is holding the arms of the tapered fiber slightly closer (~10 𝜇m), as shown in Figure 
16 (a). Then, a cleaned single-mode fiber covered with a thin layer of graphite powder is raised to 
first get in touch with the center of the relaxed tapered fiber waist, and then was further raised up 
for approximately 5 mm, while simultaneously relaxing the tapered fiber, as shown in Figure 16 
(b). The dimple shape was then permanently fixed by annealing with a hydrogen torch, as shown 
in Figure 16 (c). The thin graphite layer on the mold fiber is to prevent the tapered fiber stick to 
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the mold at this annealing step. Finally, the relaxed tapered fiber is removed from the mold by the 
gentle pressure applied by a hydrogen flow, as shown in Figure 16 (d). The fabricated dimpled 
tapered fiber, as shown in the microscopic photos in Figure 16 (d) and (e), has a small protrusion 
at the center of the tapered fiber waist. As shown in the transmission in Figure 16 (f), after creating 
the dimple at the tapered fiber waist, an optical loss of around 8% was introduced to the tapered 
fiber.  
 
Figure 16 (a-d) Schematics showing the fabrication process of the dimpled tapered fiber. (e) 
Optical microscope image of the fabricated dimpled tapered fiber. (f) Recorded normalized real-
time transmission during the fabrication of the dimpled tapered fiber. (a-f) are from the work [9] 
 
1.3.2.2 Application of the dimpled tapered fiber 
With the small protrusion, the dimpled tapered fiber can be used to probe closely spaced, planar 
integrated photonic devices without worrying about thick arms interfering with the environment 
or other devices  [9,10]. In Figure 17 (a), the dimpled tapered fiber was able to approach the in-
plane micro-disk optical resonator without touching the surrounding environment. In Figure 17 
(b), the dimpled tapered fiber was able to selectively couple light into one of the twenty-five in-
plane micro-disks but not coupling light into any of the neighboring disks [10]. 
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Figure 17 (a) Schematic of a dimpled tapered fiber coupling light into a micro-disk [10]. (b) 
Microscope image showing a dimpled tapered fiber probe coupling light into a micro-disk 
resonator [10]. 
 
1.3.2.3 Limitations of the dimpled tapered fiber 
While the dimpled tapered fibers can solve the light-coupling problem faced by the straight tapered 
fibers as we have discussed above, its complex fabrication process that lacks controllability and 
repeatability made it challenging for other users to adopt the technic Some of the challenges that 
one might face when fabricating the dimpled tapered fiber is listed below: 
i. In step 1 of the fabrication shown in Figure 16 (a), when applying the graphite powder to 
the optical fiber mold, it is challenging for a user to control the amount of graphite power 
covered on the optical fiber mold. If the graphite powder layer is too thick, it will not be 
fully burnt during the flame annealing process and will become a contamination to the 
dimpled tapered fiber and cause additional optical loss. If the graphite powder layer is too 
thin, the dimpled tapered fiber will stick to the glass mold and cannot be separated. 
ii. In step 2 of the fabrication shown in Figure 16 (b), when using the mold to depress the 
center tapered fiber waist, it is challenging for a user to coordinate the movement of the 
mold and the two fiber clamps. If the two fiber clamps are moving too fast comparing to 
the mold, the tapered fiber waist will be overly relaxed and cannot form the desired dimple 
shape. If the two fiber clamps are moving too slow, the increased tension within the tapered 
fiber waist might cause breakage of the tapered fiber. 
iii. In step 3 of the fabrication shown in Figure 16 (c), when using the flame to anneal the 
dimple shape, it is challenging for a user to determine the duration of the annealing process. 
Especially considering that, as shown in Figure 16 (f), the real-time optical transmission 
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is close to zero and cannot be used to monitor the process. If the flame annealing duration 
is too long, the heated part might become too soft and deform more than desired, or even 
melt and stick to mold. If the flame annealing duration is too short, the dimple shape will 
not be permanently fixed. 
1.3.3 Tapered fiber ring resonators 
Tapered fiber ring resonators are optical micro-resonators that composes of purely glass fibers. As 
shown in in Figure 18, three types of tapered fiber ring resonators have been demonstrated  [59], 
including, the tapered fiber loop resonator, the tapered fiber knot resonator, and the tapered fiber 
coil resonator. Different from other resonators we have previously discussed (e.g. on-chip 
resonators, bottle resonators, and sphere resonators), the tapered fiber ring resonators do not have 
an external resonator structure, instead the ring resonator is formed by the tapered fiber itself and 
it is naturally coupled to the input and output tapered fiber [23]. Details of the three tapered fiber 
ring resonators, the tapered fiber loop resonator, the tapered fiber knot resonator, and the tapered 
fiber coil resonator are detailed in the following section. 
 
Figure 18 Schematics showing the three types of ring resonators, (a) tapered fiber loops, (b) 
tapered fiber knots, and (c) tapered fiber coils  [59]. 
 
1.3.3.1 Fabrication of the tapered fiber ring resonators 
Tapered fiber loops 
Two fabrication methods for the tapered fiber loops have been demonstrated. [27,31]In one 
method  [27], as shown in the upper figure of Figure 18, after the fabrication of a straight tapered 
fiber, the center waist of the tapered fiber was first relaxed by 1 mm, and then a torsion was applied 
to the waist by rotating the regular fiber arms of the tapered fiber, a loop with multi-twisted 
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connection part was formed (Figure 19 (a)). To form the loop structure with a single crossing at 
the cross-section as shown in Figure 19 (b), a tension was applied to the multi-twisted loop to 
dissemble the multi-twist connection. In the other method [31], as shown in the lower figure of 
Figure 18, one end of a straight tapered fiber is mounted on a rotational stage while the other end 
is mounted onto a 3D translation stage. By manipulating the translation stages and the rotation 
stage simultaneously, the straight tapered fiber can be bent into a self-touching loop. The flat 
connection of the two arms of the loop is ensured by the van der Waals force. The figure of merit 
most often quoted for an optical resonator is the Q-factor, which is the ratio of the resonance 
wavelength to the full width at half-maximum (FWHM) of its resonance spectra [60]. To the beset 
of the author’s knowledge the highest Q-factor for a tapered fiber loop resonator is around 630,000. 
 
Figure 19 Schematics showing the two fabrication methods of the tapered fiber loops. The upper 
figure [27] and the lower figures [31] show the two methods respectively. 
 
Limitations of the tapered fiber loops: 
i. Tapered fiber loops fabricated by both methods are susceptible to environmental 
fluctuations and can be dissembled easily.  
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ii. The loop fabricated by the first method has a angled arm-connection, which resulted in a 
low optical coupling efficiency and low optical quality factor for the resonator.  
iii. For the loop fabricated by the second method, since its flat arm-connection is maintained 
by the weak van der Waals force, it can only sustain a large loop radius. If the loop is 
bended to a smaller radius, the van der Waals force will no longer be able to maintain the 
increased strain within the arms. 
 
Tapered fiber knots 
Two fabrication methods of the tapered fiber knots have been demonstrated. In the first method, 
as shown in the upper figure in Figure 20, the tapered fiber knot was fabricated by manually 
knotting a free-standing tapered fiber (part of a straight tapered fiber) using a polymer microfiber 
and adhering (the adhering force is the van der Waals force) it to another free-standing tapered 
fiber. In the second method, as shown in the lower figure in Figure 20, a double-ended straight 
tapered fiber was used to fabricate the tapered fiber knot [23]. First a millimeter size large knot 
was made by knotting the regular fiber arms of a straight tapered fiber, then the knotted regular 
fiber arms were carefully mounted to two translation stages manually. The final micro-size tapered 
fiber knot is formed by using the translation stages to pull the two regular fiber arms and shrinking 
the diameter of the knot. To the best of the author’s knowledge the highest Q-factor demonstrated 
by the tapered fiber knots is around 100,000 [23]. 
 
 28 
 
Figure 20 Schematics showing the two fabrication methods of the tapered fiber knots. The upper 
figure [61] and the lower figures [23] show the two methods respectively. 
 
Limitations of the tapered fiber knots: 
i. The first fabrication method relies on the weak van der Waals force to connect the tapered 
fiber knot to another tapered fiber. This weak connection makes the structural integrity of 
the tapered fiber knots fabricated using the first method susceptible to environmental 
disturbance and is difficult to be directly used in real-world applications.  
ii. Both methods involve manual manipulation of delicate tapered fibers, and these 
fabrication processes can be challenging even for a trained user.   
Tapered fiber coils 
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Figure 21 Schematic showing the fabrication setup of a tapered fiber coil  [62]. 
 
Tapered fiber coils are fabricated by wrapping a long-straight tapered fiber around a rod structure. 
The rod should have a lower refractive index than the tapered fiber to ensure the light being guided 
within the tapered fiber. The distance between each coil, which is controlled by the angel between 
the microfiber and the rod in the fabrication setup as shown in Figure 21, should be within the 
coupling range of the evanescent field of the tapered fiber to ensure an efficient light coupling. To 
the best of the author’s knowledge the highest Q-factor demonstrated by the tapered fiber coil is 
around 220,000  [62].  
Limitation of the tapered fiber coils: 
While the rod that the fiber coil is mounted on provided the coil better structural stability compared 
to the tapered fiber loop and knot, the rod has also limited its mobility which is a desired feature 
in many applications. 
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1.3.3.2 Sensing applications of the tapered fiber ring resonators 
 
Figure 22 Schematics showing different the different applications based on the tapered fiber ring 
resonators. (a) a tapered fiber loop based refractive index sensor [30], (b) a tapered fiber knot 
based temperature sensor [24], (c) a tapered fiber coil based electrical current sensor [63]. 
 
In a tapered fiber ring resonator input light that is certain wavelengths will circulate within the ring 
resonator, which will result in an output optical spectrum with resonances. The free spectral range 
(FSR) of the resonance signal which represents the wavelength difference between two successive 
minima in the resonator transmission can be written as: 𝐹𝑆𝑅 = zM-KLL	m, in which, 𝜆 is the light 
wavelength, 𝑛'XX  is the effective index of a mode, and 𝐿 is the cavity length (in this case the 
circumference of the ring resonator) [24]. The relation between the effective mode index 𝑛'XX, the 
cavity length 𝐿, and the FSR is exploited for different sensing applications. Figure 21 (a) shows a 
tapered fiber loop based refractometric sensor [30]. To fabricate the sensor, a tapered fiber loop is 
embedded in a low-refractive-index polymer UV375 (green). The polymer coating has a thick edge 
that supports the integrity of the structure and a thin center layer that allows the evanescent field 
of the tapered fiber loop to be exposed into the environment. The working principle of the sensor 
is that when the environmental refractive index changes, it will cause the effective mode index 𝑛'XX to change, which, according to the relation 𝐹𝑆𝑅 = zM-KLL	m, can be read out from the optical 
transmission spectrum. The sensor has demonstrated a sensitivity as high as 700 nm/RIU. Figure 
22 (b) shows a tapered-fiber-knot based temperature sensor [24]. To fabricate the sensor, a tapered 
fiber knot is stick to a 20 𝜇m low-refractive-index polymer through the van der Waals force. The 
thin polymer layer is supported by a glass substrate. When the temperature changes, the refractive 
index change of the polymer will cause the effective mode index 𝑛'XX of the knot resonator to 
change, and the expansion of the polymer due to the heating will cause the cavity length 𝐿 of the 
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knot resonator to change. These changes will cause the FSR of the resonance spectrum to change, 
which can be used for temperature sensing. The knot-based temperature sensor has demonstrated 
a sensitivity as high as 0.27 nm/°C. Figure 22 (c) shows a tapered fiber coil based current 
sensor [63]. The sensor is fabricated by wrapping a tapered fiber coil around a glass fiber coated 
with a monolayer graphene sheet and two gold electrodes. When a current is passing through, the 
graphene layer will generate electrical resistance heating and cause the temperature of the graphene 
to change. Similar with the tapered-fiber-knot based temperature sensor, this temperature change 
of the graphene can be read out from the transmission spectrum of the tapered fiber coil. An ultra-
high sensitivity of ultra-high sensitivity of 67.297 𝜇m/𝐴F has been demonstrated [63]. 
1.3.4 D-shape optical fibers  
As we have mentioned earlier, other than the straight tapered fiber, the D-shape fiber is another 
type of specially shaped fiber that can expose the light guided in the fiber core to the environment. 
In this section the fabrication methods and applications of the D-shape fiber are reviewed. 
1.3.4.1 Fabrication of D-shape fibers 
 
Figure 23 Schematics showing the fabrication methods of the D-shape fiber. [64] In (a), the 
optical fiber was embedded in a quartz supporting substrate during the polishing. In (b), the 
optical fiber was polished by a polishing wheel. [65] (c) A microscope image of the cross section 
of the D-shape fiber. [33] 
  
A D-shape fiber can be fabricated from a single-mode optical fiber through side-polishing. The 
side-polished fiber, as shown in Figure 23 (c), will have a cross section that looks like a D shape, 
and hence the name D-shape fiber. Two types of side-polishing methods have been 
developed  [64–66]. In the one method, as shown in Figure 23 (a), a slightly curved single-mode 
optical fiber is first being mounted onto a supporting substrate using epoxy, the substrate in this 
case the quartz block. Then the fiber section that is outside the quartz block is being polished using 
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a flat polishing plate [64]. The downside of this fabrication method is that it is difficult to remove 
the fabricated D-shape fiber from the polishing setup. As a result, D-shape fibers fabricated using 
this method often have to be used together with the bulky substrate which greatly reduced their 
portability and flexibility. In the other method, as shown in Figure 23 (b), a single-mode optical 
fiber is held by two fiber holders and is stretched and partially wrapped around a polishing 
wheel  [65]. During the polishing, the rotating polishing wheel will polish off the cladding of the 
fiber section that is wrapped around it. Different from the first polishing method, the second 
polishing method allows the fiber to be removed from the polishing setup after the fabrication and 
be used as a free-standing regular fiber Because of this, the second polishing method is preferred 
in most of the applications. One limitation of these two fabrication methods is that they can only 
fabricate double-ended D-shape fibers not single-end D-shape fibers. The single-end geometry can 
enable the D-fiber to be used like a probe that have both the light input and output at the same end. 
Such probe-like configuration is beneficial when the space for implementing the D-fiber is limited. 
A fabrication method of single-end D-shape fiber is yet to be demonstrated.  
1.3.4.2 Applications of the D-shape fibers 
1.3.4.2.1 Lossy-mode-resonance-based D-shape fiber sensors 
The lossy mode resonance (LMR) is first discussed in the seminal work by Batchman et al. in 
1982 [67], in which he proved that at certain cladding thicknesses, optical wavelengths, and light 
incidence angles the propagation of light in semiconductor cladded waveguides will experience 
some attenuation maxima. The LMR phenomenon is further explained by M. Marciniak et al. in 
his work in 1993 [68], in which he pointed out that the attenuation maxima is due to the coupling 
between waveguide modes and a specific lossy mode of the semiconductor thin film. However, 
afterwards, little attention was paid to the lossy mode resonance for decades. One possible reason 
for the limited development of the LMR technology during this period might because the LMR 
phenomenon were mainly demonstrated in on-chip waveguides. And since there lack an efficient 
way to couple light into and out of the on-chip waveguide at that time, the LMR technology was 
not able to be fully exploited. 
In 2010 Villar et al. demonstrated a lossy-mode-resonance-based optical fiber sensor for 
sensing applications [69]. Unlike the on-chip waveguides, optical fibers can naturally and 
efficiently transmit light and excite the LMR signals. Since then, the idea of integrating LMR 
phenomenon with fiber optics has attracted a great many interests and have found a large number 
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of sensing applications [32,69–77]. However, most of these LMR sensors are fabricated on the 
core of a multimode fiber  [78,79], as shown in Figure 24 (a). The symmetric cylindrical fiber core 
does not allow the sensor to differentiate the TE and TM lossy mode resonances and has limited 
the sensor’s sensitivity. In 2014, the work by Arregui et al. demonstrated that the sensitivity of the 
LMR sensor can be dramatically increased by switching to a D-shape fiber  [80]. The asymmetric 
D-shape fiber, as shown in Figure 24 (b), can allow the differentiation of the TE and TM lossy 
mode resonances. The D-shape LMR sensor has demonstrated a sensitivity as high as 304 360 
nm/RIU, which has surpassed the surface plasmon resonance based sensors  [32].  
 
Figure 24 (a) Schematic showing a lossy-resonance-resonance sensor based on a cylindrical 
multi-mode fiber.  [81](b) SEM images of lossy-mode-resonance sensor based on a D-shape 
fiber  [32]. 
 
Working principle of the lossy-mode-resonance-based D-shape fiber sensors 
An LMR-based D-shape fiber is fabricated by coating a layer of optically lossy material, in this 
case ITO, onto the polished surface of the D-shape fiber, as shown in Figure 24 (b). The D-shape 
fiber with the ITO film coating can support both the core mode (HE11) and the film mode (TE11). 
Figure 25 shows the simulation results of electric field intensity of the core mode and the film 
mode at the cross section of the D-shape fiber at different wavelengths. At lower wavelengths 
(<1420 nm), the HE11 mode is confined within the core and the TE11 mode is confined within the 
film layer. At the wavelength of 1420 nm, for the electric field distribution of the HE11 mode, a 
subtle yellower color showed up at the proximity of the thin-film. This indicates that part of the 
power transmitted by the core mode is coupled to the ITO thin-film, which corresponds to the 
LMR. For wavelengths larger than 1420 nm, the HE11 mode is again confined within the core, and 
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the TE11 mode became a radiation mode and is no longer supported by the film layer. These results 
indicate that, if a broadband light source whose wavelength range covers the wavelength from 
1170 nm to 1690 nm is input into the ITO coated D-shape fiber, we will see an attenuation maxima 
in the output spectrum at the wavelength of 1420 nm, because part of the light is coupled into the 
ITO film layer and is absorbed by the optically lossy ITO film. The optical spectrum with the 
attenuation maxima is called the LMR spectrum, and the wavelength that is corresponding to the 
attenuation maxima is called the LMR wavelength. The LMR wavelength is sensitive to the 
environmental refractive index changes. When the environmental refractive index increases, the 
LMR wavelength will increase and vice versa.  
 
Figure 25 Simulation results of the optical modes of a D-shape lossy mode resonance 
sensor. [32]  
 
Applications of the lossy-mode-resonance-based D-shape fiber sensor 
A characterization setup for the lossy-mode-resonance-based D-shape fiber sensor is shown in 
Figure 26 (a). A broadband light whose polarization is controlled by the polarization controller is 
input into the LMR sensor, the output spectrum is readout using an optical spectrum analyzer [82]. 
Figure 26 (b) shows the measured LMR spectrum using the setup. The TE and TM polarization 
resonance spectra were measured using TE and TM polarized input light respectively. The 
unpolarized resonance spectrum was measured by removing the polarization controller. The 
unpolarized resonance spectrum measured from the D-shape fiber is similar to the LMR spectrum 
measured from a cylindrical multi-mode fiber based LMR sensor which cannot differentiate the 
TE and TM mode. From the comparison of the spectra in Figure 26 (b), it is clear that the TE or 
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TM resonance spectrum of the D-shape fiber has a much better visibility than that of a cylindrical 
multi-mode fiber based LMR sensor  [82]. Figure 26 (c) shows LMR wavelength shift of the sensor 
at different refractive index. The sensor has a higher sensitivity when the refractive index 
difference between the film coating and the environmental refractive index is larger. At the 
refractive index range between ~1.447 to ~1449 the sensor demonstrated a sensitivity as high as 
304 361 nm/RIU. Since the lossy-mode-resonance-based D-shape fiber sensor has just been 
demonstrated recently in around 2014 [80], it has mainly been demonstrated for refractive index 
sensing and not many other applications yet. More applications taking advantages of the high 
sensitivity of the lossy-mode-resonance-based D-shape fiber sensor is yet to be demonstrated. 
 
Figure 26 (a) A characterization setup of the lossy-mode-resonance-based D-shape fiber 
sensor. [82] (b) The first and second LMR modes for TE, TM and unpolarized light input. [82] 
(c) Refractive index measurement using the LMR sensor.  [83] 
 
1.3.4.2.2 Other D-shape fiber sensors 
Violakis et al. demonstrated a magnetic field sensor based on a ferrofluid encapsulated D-shape 
optical fiber as shown in Figure 26 (a)  [84]. The sensor has demonstrated an azimuthal dynamic 
range of the order of 12 dB with sensitivity of 0.2 dB/° and magnetic field flux sensitivity of 0.015 
dB/Gs. Zhang et al. demonstrated a surface-enhanced Raman scattering (SERS) sensor based on 
D-shape fiber as shown in Figure 27 (b)  [85]. The SERS fibers were created by mixing 20 𝜇L of 
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silver nanoparticles with 5 𝜇L of 0.1 mM rhodamine 6G (R6G) and drying a drop of this solution 
on the fiber under ambient conditions. The D-shape fiber sensor can provide a SERS active layer 
with surface area as much as 1 cm x 8	𝜇m, which is around 3 orders of magnitude larger than the 
SERS sensor based on end-polished fibers. Nayk et al. demonstrated a plasmonic sensor based on 
a graphene-coated D-shape fiber as shown in Figure 27 (c) [86]. The sensor demonstrated a 
sensitivity of 6800 nm/RIU and a resolution of 8.05 × 10-5 RIU. Sherwood et al. demonstrated a 
novel optical fiber sensor based on micro-ring resonators fabricated on side-polished fiber on the 
D-shape fiber as shown in Figure 27 (d) [86]. The polymer ring resonator was fabricated using the 
two-photon polymerization at a position that can allow evanescent light coupling between the fiber 
and the ring.  
 
Figure 27 Schematics showing different types of D-shape fiber based optical fiber sensor. (a) a 
magnetic field sensor [84], (b) a SERS sensor [85], (c) a plasmonic sensor [86]. (d) a micro-ring 
resonator sensor on a D-shape fiber [87]. 
1.4 MOTIVATION OF THIS DOCTORAL RESEARCH 
A regular fiber can deliver light to a point of interest with low transmission loss. This superior 
light delivering capability has enabled a variety of applications, most notably, boosting the 
development of the telecommunication industry in the last few decades. However, many optical 
sensing and actuation applications require that after the light has been delivered to a specific point, 
the light can interact with the matter around it [9,88]. In order to achieve light-matter interactions 
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without sacrificing the benefits of the regular fibers, an ideal solution is the specially shaped optical 
fiber. However, current research on the specially shaped fibers is far from complete. The most 
important challenges that motivate this doctoral research is summarized below: 
• Challenge 1: Low optical transmission of specially shaped optical fibers. 
The low transmission of specially shaped fibers is due to the high optical coupling loss 
between the specially shaped fiber section and the regular fiber section. The high coupling 
loss is because light is susceptible to the geometries of the lightguide, a rough lightguide 
surface will cause serious optical scattering loss; an abrupt geometry change in the 
lightguide can cause serious optical radiation loss  [18]. An efficient coupling is especially 
challenging when the specially shaped fiber has a sub-wavelength dimension, such as for 
tapered fibers discussed in section 1.3.1. New designs of specially shaped fibers that can 
efficiently couple light between the regular fiber part and the special-shape part need to be 
developed based on an enhanced fundamental understanding of the optical properties of 
specially shaped fibers. 
• Challenge 2: Specially shaped fiber designs based on fiber tips are far from fully 
investigated. Fiber-tip-based specially shaped fibers can have a probe-like design, which 
will endow it with higher mechanical strength, and further reduce its size. More work needs 
to be done to develop specially shaped fibers with such designs. 
• Challenge 3: The areas and lengths, over which light interacts with matter, are limited 
in the specially shaped fibers. A majority of specially shaped fibers allows light to interact 
with the matters around it through the optical near-field effects. The optical near-field 
effects quickly decay with the distance from the fiber surface and are generally limited 
within a few micrometers. As a result, the strength of light-matter interactions is limited, 
especially compared with that enabled by free-space propagating light. An enhanced 
interaction length is desired in the special shape of the fiber, in order to boost the light-
matter interactions. A common and straight forward solution is to increase the length of 
the specially shaped fiber, so that the near-field interaction can take place along a longer 
fiber length, which can amplify the light-matter interactions. However, increasing the 
length will not help if the matters of interest are not uniformly distributed in the medium, 
but are only located at specific places. For example, in the case of straight tapered fiber 
probe discussed in section 1.3.1.3.4, solely increase the length of the tapered fiber, will not 
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help it to approach in-plane devices more effectively. More novel designs that can facilitate 
the light-matter interactions are yet to be developed. 
• Challenge 4: The meager material selections has limited the light-matter interactions 
of the specially shaped fibers. Other than using the special shape of the fiber to facilitate 
and amplify the light-matter interaction, it is also possible to use new materials to achieve 
this goal. One way to integrate new materials to glass fibers is by coating a thin layer of 
the material to the specially shaped fiber surface. The coated material can not only facilitate 
and amplify the light-matter interactions that happens at the surface of the material, it can 
also endow the specially shaped fibers with enhanced light manipulation capabilities, such 
as the metal coating enabled surface plasmonic resonances [85] and the semiconductor 
material enabled lossy mode resonances [89]. Since different material can facilitate 
different light-matter interactions, more research on materials for specially shaped fibers 
need to be done. 
• Challenge 5: The existing fabrication methods for the specially shaped fibers are far 
from optimized. Existing fabrication systems for the specially shaped fibers lacks 
repeatability and controllability, which have hindered the further advancement of the 
specially shaped fibers. Especially, it is difficult to use the existing fabrication systems to 
achieve novel designs of specially shaped fibers. Both the physical setup and the software 
used to in the fabrication system need to be developed and improved. 
1.5 OBJECTIVES AND SCOPE OF THE DISSERTATION 
The overall goals of this dissertation are to further the fundamental understanding of specially 
shaped fibers and to develop novel specially shaped fibers for different applications. In addition, 
the final part of this dissertation work proposed a microfluidic platform that can potentially 
improve the light-matter interactions of the specially shaped fibers in fluidic environments.  
Specific objectives include the following: 
1. Develop novel designs of specially shaped fibers with enhanced light-matter 
interactions.  This addresses challenges 2 and 3. 
2. Develop innovative methods to create specially shaped fibers based on fundamental 
understanding of light manipulation. This addresses challenges 1, 2, and 5. 
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3. Expand and enhance the functionalities of the specially shaped fibers. This addresses 
challenges 2 ,3, and 4.  
 
To achieve the abovementioned objectives, three major research thrusts are carried out in this 
dissertation work. 
Research thrust 1: System development, experimental study, and modeling of the specially 
shaped optical fiber fabrication setups. This thrust addresses Specific Objectives 1. 
 
Research thrust 2: Development of specially shaped optical fibers for integrated photonic, 
microfluidic, and optical sensing applications. This thrust addresses Specific Objectives 2 and 
3. 
 
Research thrust 3: System development and experimental study of a novel microfluidic 
platform that is compatible with specially shaped optical fiber integrations. This thrust 
addresses Specific Objectives 3. 
 
The scope of this dissertation is following the above thrusts, while focusing on two 
particular specially shaped optical fibers, namely, the tapered optical fiber and the D-shape optical 
fiber. These two types of fibers exemplified two most commonly used form factors for the specially 
shaped fibers, including the in-line form factor (tapered fibers) and the probe-like form factor (D-
shape fiber). Tapered fibers, including straight tapered fibers and tapered fiber loops and helices, 
are ideal for in-line, embedded monitoring, while D-shape fibers with a fiber-tip form factor are 
ideal for applications that require quick and easy insertion and removal of the fiber. 
The rest of this dissertation is organized in the following way. In Chapter 2, I will focus on 
straight fiber tapers, tapered fiber loops, and tapered fiber helices. I will start with the fabrication 
methods for two special shape tapered fibers, namely, the tapered fiber loop and the tapered fiber 
helix, 
The rest of this dissertation is organized in the following way. In Chapter 2, fabrication 
methods for two specially shaped tapered fibers, namely, the tapered fiber loop and the tapered 
fiber helix are introduced, followed by an experimental characterization of their optical properties. 
The applications of the tapered fiber helix in integrated photonic device characterizations and 
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micro-particle manipulations are also studied. In chapter 3, a fiber tapering setup based on a 
customized ceramic microheater are developed. A detailed parametric study of the setup’s 
performance is carried out. The setup’s capability of fabricating high-quality tapered fibers in a 
highly repeatable way is experimentally demonstrated. A reliable monitoring method based on the 
optical mode theory is developed and experimentally demonstrated. In chapter 4, a tip-based lossy-
mode-resonance D-shape fiber relative humidity and moisture content sensor is experimentally 
demonstrated. The lossy mode resonance (LMR) generated by the D-shape fiber is experimentally 
and numerically characterized. The LMR’s dynamic response to a continuously changing relative 
humidity is experimentally characterized. The LMR sensor’s capability of monitoring the moisture 
content change in food samples is experimentally demonstrated. In chapter 5, a reconfigurable 
acrylic-tape microfluidic platform is introduced. The laser-ablation-based fabrication method of 
the acrylic microfluidic channel is experimentally studied. Various functions enabled by the 
reconfigurable functional sealing tapes are experimentally studied. An initial experimental 
demonstration of the integration of D-shape optical fibers with the acrylic-tape microfluidic device 
is presented.  
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Chapter 2  TAPERED OPTICAL FIBER LOOPS AND HELICES FOR 
INTEGRATED PHOTONIC DEVICE CHARACTERIZATIONS AND 
MICROPARTICLE MANIPULATIONS 
In this chapter, we demonstrated two special geometries of tapered optical fibers, namely the 
tapered fiber loops and helices. The tapered fiber loops demonstrated in this chapter are distinct 
from previous ones in terms of their superior mechanical stability and high optical quality factors 
in air, thanks to a post-annealing process. We experimentally measured an intrinsic optical quality 
factor of 32,500 and a finesse of 137 with a tapered fiber loop. The tapered fiber helix demonstrated 
in this chapter is a novel geometry that has never been demonstrated in other works using tapered 
fibers. The tapered fiber helices’ applications in integrated photonics and microfluidics are 
presented.  
The rest of this chapter is organized as the following. In section 2.1, applications and 
fabrication methods of the existing special-shape tapered fibers are briefly reviewed. In section 
2.2, the development of the fabrication setups for the tapered fiber loops and tapered fiber helices 
based on an alcohol-lamp-based fiber tapering setup are presented. In section 2.3, the tapered fiber 
loop’s and helices’ optical spectroscopies and the tapered fiber loop’s mechanical stability are 
optically characterized. In section 2.4, experimental demonstration of the tapered fiber helices’ 
capability in integrated photonic device characterizations is presented. In section 2.5, the tapered 
fiber’s capability of microparticle manipulation in fluidic environment is experimentally 
demonstrated. 
2.1 A BRIEF REVIEW OF THE EXISTING SPECIAL-SHAPE TAPERED FIBERS  
2.1.1 Existing special-shape tapered fibers and their applications 
In recent years, tapered optical fibers [8,14,23,26,29,31,90,91], through which guided light can 
interact with the environment, have found a wide range of applications, including 
nanophotonics [10,28,92], microfluidics [93,94] and micro/nanoscale sensing [54,95]. In these 
applications, free-space optical beams are limited in the spatial resolution due to the diffraction 
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limit. In addition, they suffer from the limited focal depth of objective lenses and from diffraction, 
especially for object features that are comparable with or smaller than the light wavelength. On-
chip optical waveguides [96] provided a solution to these challenges, but they impose additional 
steps or difficulties on the fabrication process, and their positions cannot be adjusted after 
fabrication. Tapered optical fibers, however, with diameters in micrometers or sub-micrometers, 
can deliver guided light into and out of tightly spaced micro/nanoscale systems with readily 
adjustable positions and high spatial resolution. 
Various geometries of tapered optical fibers have been developed and investigated. The 
most studied geometries include straight tapered fibers [2,34,93,97,98], dimpled tapered 
fibers [9,10], tapered fiber knots [12,23,24,90,99], tapered fiber coils [14,91]  and tapered fiber 
loops [27,28,31]. Each of these geometries has its own unique advantages and hence has found 
various applications. For example, tapered optical fibers with circular geometries, such as loops, 
coils and knots  are stand-alone optical ring resonators. Their high optical quality factors (Q factor 
up to 97260  [23]) allow them to find applications in sensing [3,12,25] and fiber-based 
lasers [26,100,101]. Optical trapping and sorting of particles have been mainly demonstrated with 
straight tapered optical fibers [94,102]. Tapered optical fibers have been particularly useful for 
nanophotonic device characterization. It is challenging for a straight tapered fiber to couple light 
to a monolithic in-plane device (see section 2.4.2). The surrounding area of the device has to be 
etched down [97], which makes the fabrication process more complex. Dimpled fibers [9,10], 
which have a depression part in the tapered region, and fiber loops [28] have been used to 
characterize tightly spaced in-plane devices.  
2.1.2 Fabrication methods of the existing special-shape tapered fibers 
Difficulties of the fabrication of different special-shape tapered fibers are different. Straight 
tapered fibers are generally fabricated with the heat-and-pull method [97], which is straight 
forward. The fabrication process of tapered fiber knots is relatively complex and requires delicate 
handling of the tapered optical fiber. In most of the demonstrated tapered fiber knots [12,25,26,99], 
one tapered fiber arm was broken during the fabrication process and reconnected to a separate 
straight tapered fiber after the knot was formed, resulting in poor mechanical stability. One recent 
work [23] demonstrated a tapered fiber knot fabrication method without breaking the tapered fiber. 
Tapered optical fiber coils were fabricated by wrapping a straight tapered optical fiber around a 
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cylindrical rod, which limits their spatial flexibility and agility [14,21]. Dimpled tapered fibers 
were fabricated by wrapping the waist section of a tapered fiber around a mold while heating the 
taper, and the process could be time-consuming and lacks controllability and repeatability. Tapered 
fiber loops have been fabricated by introducing internal torsional stress [28,31] or by bending [90] 
the straight tapers into a loop shape. Due to the residual torsional or bending stress in the loops, 
the two fiber arms may intersect with each other with an angle, resulting in low optical Q 
factors [8]. In most work, the shapes of the tapered fiber loops were not permanently fixed, but 
rather temporarily maintained by either the torsional stress or van der Waals and electrostatic 
forces, causing the loops mechanically unstable [23,28]. In order to make the loops stable and to 
achieve a high optical Q, the size of the loop was kept large (a few hundred 𝜇m to a few mm) [31], 
and sometimes the loop was fixed by glue [103] or by being embedded in a gel matrix [30]. 
2.2 DEVELOPMENT OF FABRICATION SETUPS FOR THE TAPERED FIBER LOOPS AND 
HELICES 
2.2.1 Fiber tapering system based on an alcohol lamp 
 
Figure 28 (a) The fiber tapering setup. (b) A microscope photo showing the optimum relative 
position between the flame and the fiber. 
 
Tapered fibers used in this chapter are all fabricated from regular Corning SMF-28 fibers using 
the heat-and-pull method [9]. The fiber tapering setup is shown in Figure 28 (a). The fiber being 
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tapered was held between two fiber clamps (SM1F1-250, Thorlabs) which were connected to two 
rotational holders (RSP1, Thorlabs). The rotational holders are not used in the fiber tapering 
process but will be used in the fabrication of tapered fiber loops and helices (detailed in section 
2.2.2). The two rotational stages were mounted onto two customized acrylic boards which sat on 
two motorized translational stages (MTS25-Z8, Thorlabs). A microscope camera (Jiusion-1000x) 
was used to monitor the tapering process. A commercially available alcohol lamp (LMP-422, from 
EURO TOOL) was used as the heat source for the fiber tapering. During the tapering, the alcohol 
lamp was put on a 3-D stage, so that the relative position between the flame of the lamp and the 
tapered fiber can be adjusted. The optimum position of the flame is when the tapered fiber sits 
within the tip of the flame as shown in Figure 28 (b). This is because this part of the flame has a 
more uniform temperature distribution and generates minimum soot.  
 
Figure 29 Optical transmission of straight tapered fiber tapering during the fabrication process. 
The heat-and-stretch process started at 0 second and stopped at 450 second. The transition from 
the oscillating part (blue) to the stable part (red) indicated the trigger to stop the tapering process. 
 
 
During the tapering, both motorized stages move at a speed of 0.05mm/s. The tapering 
process was monitored using the real-time optical transmission from the tapered fiber. A typical 
transmission curve is shown in Figure 29. The tapering process was stopped when the optical 
transmission became stable (red part of the curve in Figure 29), which indicated that the tapered 
fiber’s radius fell below the cut-off of higher order modes, and the tapered fiber has become single 
mode [9]. As a result, all the tapered fibers in this work had similar diameters. According to the 
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SEM images, the diameters of fiber tapers range from 600 nm to 2 𝜇m. The typical tapering length 
of the tapered fiber is between 35 to 40 mm, and the typical optical transmission is between 70~85% 
(a fiber tapering setup that can produce higher transmission tapered fibers will be discussed in 
Chapter 3). 
2.2.2 Fabrication methods for the tapered fiber loops and helices 
After the straight tapered fiber was fabricated, we relaxed the tension in the straight fiber taper by 
moving the two fiber arms closer by 1 mm to avoid breaking the fiber in the following steps. The 
two rotational fiber holders were rotated in the opposite directions by 360° to introduce torsion to 
the straight tapered fiber, as shown in Figure 30 (a). We further moved the two fiber arms closer 
until the loop was formed in the center of the tapered region, as shown in Figure 30 (d). At this 
point, the diameter of the loop was around 300 𝜇m to 500 𝜇m. We shrunk the loop size by moving 
the two fiber arms apart. The final loop diameter could be continuously adjusted by the stage 
positions, and loop diameters as small as 15 𝜇m have been experimentally demonstrated. 
Similar with most of the previous work [28,31,90], fiber loops at this stage had poor optical 
quality factors and were mechanically unstable. Even a small air current could cause considerable 
change of the geometry and the optical transmission. Different from the previous work, we used a 
flame to anneal the loop for a few seconds. The diameter of the flame (a few mm) was much larger 
than the loop diameter (< 100 𝜇m), so the whole loop was heated and annealed without moving 
the flame. This post-annealing released the torsional stress in the fiber loop and hence “fixed” the 
loop shape, as shown in Figure 30 (b) and (e). Fiber loops after the post-annealing were 
mechanically stable. The annealed fiber loops could not be unwrapped by the air flow. In fact, for 
all the tapered fiber loops we fabricated and tested, the loops’ geometry was reserved even when 
they were broken by a strong air flow. The loop’s mechanical stability will also be optically 
characterized in section 2.3.2.  
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Figure 30 (a) The fabrication setup for the tapered fiber loops and helices. The rotational fiber 
holders are on both sides of the fiber. SEM images (b, c) and optical microscope images (d-f) of 
fabricated tapered optical fibers. (d) A tapered fiber loop before annealing. (b, e) A tapered fiber 
loop after annealing. (c, f) A tapered fiber helix. Scar bars: 15 𝜇m. 
 
 
When we applied additional tension to an annealed tapered fiber loop by moving the fiber 
arms apart, the tapered fiber loop was stretched into helical shapes, with the two fiber arms 
separated from each other, as shown in Figure 30 (c) and (f). Fiber helices were even more stable 
than loops, thanks to the additional tension. Because the loop geometry was fixed in the annealing 
process, the geometry of the fiber probe can be readily switched between a helix and a loop by 
controlling the tension. The fabrication processes of the loops and helices are highly repeatable, a 
successful rate of more than 90% has been experimentally demonstrated. 
After the tapered fiber loops/helices was fabricated, we turned the two fiber arms to a U-
shape (as shown in Figure 31 (a-b)) and mounted the fiber loop on a homemade fiber holder (as 
shown in Figure 31 (c)), which could adjust the tension along the fiber and hence could switch the 
geometry between a loop and helix. This way of holding a fiber helix allowed it to serve as a probe 
that could easily reach out to devices for light coupling, similar with previous work of fiber dimples. 
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Figure 31 . (a), (b) show a tapered fiber loop with straight arms being turned into U-shape by the 
transfer fiber holder. (c) shows the U-shape tapered fiber on the mounting. The two fiber arms 
are taped onto two translational stage separately, so the U-shape tapered fiber can be stretched 
and relaxed by moving the translational stage. In (a), (b), and (c) the tapered optical fiber is 
marked by red lines for better visualization. 
2.3 OPTICAL CHARACTERIZATIONS OF THE TAPERED FIBER LOOPS AND HELICES 
2.3.1 Optical spectroscopies of the tapered fiber loops and helices 
Swept-wavelength spectroscopies were used to characterize the optical properties of the tapered 
optical fiber loops and helices. Light from a tunable laser source (Newport, New Focus 6700) was 
coupled into one end of the fiber, and the optical transmission was measured from the other end 
by a photodetector (Thorlabs, PDA50B). The transmission spectra of a loop before annealing, one 
after annealing, and a fiber helix are shown in Figure 32 (a), (b), and (c), respectively. 
Multiple optical modes were observed in the annealed tapered fiber loop (Figure 32 (b)), 
with an intrinsic optical quality factor Q = 32,500 and a finesse of 137. The post-annealing created 
a smooth transition region at the intersection of the two fiber arms (Figure 30 (e)), which reduced 
the scattering loss and resulted in a high Q. Compared to on-chip silicon resonators [23, 33], which 
can provide higher Q and finesse, the tapered optical fiber loops are standalone optical resonators 
that do not require separated devices for optical input and output. No optical resonance was 
observed in the fiber loops without annealing (Figure 32(a)) and fiber helices (Figure 32(c)). The 
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two arms of a tapered fiber loop without annealing intersected with each other at a sharp angle 
(Figure 30 (d)), resulting in a high scattering loss and hence no observation of optical modes. 
Thanks to the evanescent field of the guided light that extends outside the tapered fibers, 
both the tapered fiber loops and helices can allow the guided light to interact with the environment. 
They are useful tools for delivering the light into and to interact with micro/nanoscale systems, 
with each having its unique advantages. The high optical Q-factor enables a high optical energy 
built up in the annealed tapered fiber loops, which helps increase the sensitivity in near-field 
sensing applications [12]. The resonances in the tapered fiber loops can also potentially be used 
for fiber-based laser applications [26,101]. By contrast, the tapered fiber helices have high optical 
transmission, high mechanical stability, and no optical resonances, which made it an ideal probe 
to characterize the optical and mechanical performances of integrated photonic devices. In the 
section 2.4 and 2.5, we will focus on the experimental demonstration of two particular applications 
of the fiber helices, namely, the in-plane integrated photonic device characterization and the micro-
particle manipulation. 
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Figure 32 Transmission spectra of (a) a tapered fiber loop before annealing, (b) a tapered fiber 
loop after annealing, and (c) a tapered fiber helix. No resonance was observed in the tapered 
fiber helix and the tapered fiber loop without annealing. Multiple optical modes were observed in 
the annealed tapered fiber loop. Left inset in (b) shows the zoomed-in transmission spectrum of 
the optical resonances. The two resonances correspond to two optical modes with the same mode 
number and different polarization states. An intrinsic optical quality factor of 32,500 is obtained 
from the curve fitting (blue solid line in the left inset in (b)). Insets on the right in (a-c) are the 
optical microscopy images of corresponding tapered optical fibers. 
2.3.2 Mechanical stability of the annealed tapered fiber loops 
One of the major differences between our tapered fiber loops and the previous work is the 
additional annealing process, and hence the mechanical stability of the loops. To quantify the 
mechanical stability of the annealed tapered fiber loops, we measured the transmission spectra of 
an annealed loop over time, when the loop was exposed to air for two days. The measured spectra 
at 5 hours, 20 hours, and 48 hours after the loop was fabricated are shown in Figure 33. The free 
spectral range (FSR) of the measured spectra shifted by around 0.95% from 5 hours to 20 hours, 
and around 1% from 5 hours to 48 hours. Accordingly, the loop diameter was changed by around 
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1% from 5 hours to 48 hours, assuming the refractive index of the medium remained the same. It 
is noted that the loop was exposed in an air-conditioned room without precise control of the 
humidity. It can be seen that all the optical resonances were shifted to longer wavelengths over 
time. This red shift of the optical resonances (up to 0.4 nm from 5 hours to 48 hours) indicates 
moisture accumulated on the fiber loop surface. This water layer might have contributed to the 
shift of the FSR, so the fiber loop diameter change could be smaller than 1%. 
Figure 33 Measured transmission spectra of the tapered fiber loop in air at 5 hours, 20 hours, and 
48 hours after the loop was annealed. 
 
2.4 EXPERIMENTAL DEMONSTRATION OF INTEGRATED PHOTONIC DEVICE 
CHARACTERIZATION USING THE TAPERED FIBER HELICES 
2.4.1 Brief description of the integrated photonic device used in the experiment 
The integrated photonic device used in this experiment is a Si3N4 tuning fork cavity 
optomechanical sensor. The device is fabricated by my lab mate Rui Zhang. A more detailed 
description of the device and its working principle can be found in his previous work [104]. Here, 
we give a brief description of this integrated photonic device to facilitate a better understanding of 
the experimental results discussed later. The integrated photonic device consists of a tuning fork 
nanomechanical resonator and a 15 µm diameter microdisk optical resonator. The device was 
fabricated on a 250-nm-thick stoichiometric Si3N4 film. The prongs of the tuning fork are 150 nm 
in width and 20 µm in length. The tuning fork and the microdisk are separated by a gap of 150 nm, 
enabling near-field optomechanical coupling. The mechanical displacement of the tuning fork 
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modulates the optical whispering gallery modes of the microdisk, which in turn will causes the 
fluctuation of the optical transmission in an optical fiber probe (in this case, the tapered fiber helix) 
near-field coupled to the microdisk. 
2.4.2 Comparison of straight tapered fibers and tapered fiber helices for in-plane 
integrated photonic device characterization 
It is challenging for a straight tapered fiber to couple light to an in-plane integrated photonic device 
without its two arms touching the surrounding substrate, as shown in Figure 34 (a). The straight 
tapered fiber can reach a device only when the surrounding substrate is etched down and other 
devices removed, as shown in Figure 34 (b). By comparison, the tapered fiber helix, which looks 
like a loop from the side view, can couple light into any device of interest in an array, as shown in 
Figure 34 (c). This makes the fiber helix a versatile optical probe that can be used to characterize 
tightly spaced in-plane integrated photonic devices on the fly. 
 
Figure 34 (a) The two arms of the straight tapered fiber interfere with the surrounding substrate 
and devices before the tapered fiber can reach the in-plane integrated photonic device. (b) After 
the surrounding substrate is etched down and other devices removed from below the fiber, the 
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straight fiber taper can reach a single device on a plateau. (c) The fiber helix can near-field 
couple light to any in-plane device in an array. 
2.4.3 Experimental characterization results 
In this section, we used the tapered fiber helix to experimentally characterize the integrated 
photonic device we introduced in section 2.4.1 (Si3N4 tuning fork cavity optomechanical sensor). 
The experiment was carried out in air. A laser was input from one arm of the fiber helix and 
coupled from the lowest position of the tapered fiber helix to the microdisk, and the optical 
transmission of the fiber helix was read out by a photodetector.  
 
Figure 35 (a) A computer generated schematic showing the optical coupling between a tapered 
fiber helix and a microdisk resonator, the yellow arrows indicate the light propagation direction. 
(b) SEM image of the integrated photonic device (a tuning fork cavity optomechanical sensor). 
Inset shows an optical microscope image of the device being tested, and the fiber helix is near-
field coupled to the microdisk resonator. The scale bars are 10 𝜇m. (c) Transmission spectrum of 
the tuning fork device.  A Q-factor of 1.08 x 106 was readily obtained with the fiber helix probe. 
(d) Mechanical spectrum of the same tuning fork device. The two mechanical modes correspond 
to in-phase and out-of-phase tuning fork modes, respectively. The device was tested in air, 
thanks to the mechanical stability of the fiber helix. 
 
The optical spectrum of the tuning fork device was shown in Figure 35 (c). A Q above a million 
was readily obtained. The output of the photodetector was sent to an electronic spectrum analyzer 
(ESA), and the mechanical spectrum of the thermal motion of the tuning fork was obtained and 
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shown in Figure 35 (d). Both the in-phase and out-of-phase mechanical modes were clearly 
observed, well above the noise ground. The mechanical quality factors in this work were lower 
than previously published results [104] due to higher damping in air compared with that in vacuum. 
The tapered fiber helix is mechanically stable thanks to the additional tension, which allows precise 
control of the separation between the tapered fiber helix and the microdisk, bestowing on the helix 
the capability of characterizing nanophotonic devices in air. Furthermore, similar with fiber 
dimples [9,10], the helical shape allows near-field light coupling between the fiber and the in-plane 
device while preventing the two fiber arms from touching the substrate. This can be seen in Figure 
35 (a), where the fiber helix curves away from the device plane on both sides. Compared to that 
of the tapered fiber dimples, the fabrication process of the fiber helix is straightforward, 
controllable, and repeatable. 
2.5 EXPERIMENTAL DEMONSTRATION OF MICROPARTICLE MANIPULATIONS 
USING THE TAPERED FIBER HELICES 
In addition to characterizing integrated photonic devices, the fiber helix is also a useful tool in 
microfluidics for radiation-pressure-based microparticle trapping and manipulation. To 
demonstrate this capability, we used the tapered fiber helix to optically trap and propel microscale 
silica beads in water. An illustration showing the microparticle manipulation using the tapered 
fiber helix is shown in Figure 36 (a). The evanescent field of the tapered fiber helix applies two 
components of optical forces to the nearby beads: a gradient force that attracts beads towards the 
fiber, and a scattering force that propels the beads along the fiber. The fiber helix can thus be used 
as a helical-shaped optical conveyor belt for particle transportation. The experimental setup is 
shown in Figure 36 (b). The U-shape tapered fiber helix was mounted onto a three-dimensional 
translation stage and a one-dimensional rotational stage for position and orientation control. The 
fiber helix was inserted into a solution of 4.64-𝜇m-diameter silica beads in a transparent petri dish. 
A 500-mW continuous-wave laser at wavelength of 1330 nm was used as light source. The 
microparticle manipulation experiment was monitored and recorded on an inverted microscope 
platform.  
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Figure 36 (a) A computer generated schematic showing a silica bead trapped and moved (green 
arrow) by a tapered fiber helix. The red arrows show the un-trapped beads moving in random 
directions because of the Browning motions. (b) Schematic of the microfluidic trapping setup. 
(c-h) Successive pictures showing the trapping results. The light guided in the tapered fiber helix 
propagated from top to bottom. The red arrows indicate the position of the bead being trapped 
and propelled. The time interval between each adjacent frame is 3 seconds. 
 
 
The optical trapping experimental results are shown in Figure 36 (c-h). A single silica bead 
with a diameter of 4.64 𝜇m was trapped and subsequently propelled along the tapered fiber helix. 
We note that the particle trapping in water can be influenced by the transmission of the tapered 
fiber helix. The optical transmission of the tapered fiber helix in water was around 20%. The 
transmission was considerably lower than that in air, which could cause the trapping to be unstable. 
This reduced transmission in water might be caused by bending induced optical loss [8] in the 
helix. Other possible reasons include, the tapered optical fiber geometry is only adiabatic in air but 
not in water and optical absorption loss caused by the water. Work is underway to optimize the 
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fiber tapering process in order to increase the transmission efficiency of tapered optical fiber helix 
in water. 
Compared with straight fiber tapers [93,94], the geometry of the tapered fiber helices 
allowed optical transportation of microscale particles along more complex, three-dimensional 
trajectories. In a stationary fluidic environment, the fiber helix can be used to selectively approach, 
trap, and propel a particular particle lying on the substrate from a group of particles, which is 
challenging for straight tapered optical fibers. In a microfluidic channel, the fiber helix can be used 
to pre-focus particles to the center of the channel, as they pass through the channel. The three-
dimensional shape of the tapered fiber helix allows for much more efficient particle focusing than 
straight fiber tapers. This pre-focusing is important for effective subsequent optical detection or 
interrogation, such as flow cytometry [105] and cell stiffness measurements in optical 
stretchers [106]. 
2.6 SUMMARY 
In this chapter, we have demonstrated tapered optical fiber loops and helices with a straightforward 
and repeatable fabrication method. Due to a post-annealing process, tapered fiber loops and helices 
exhibited high mechanical stability. The highest measured optical quality factor (Q-factor) of 
tapered fiber loops was around 32,500. In addition, the fiber geometry can be readily switched 
between a loop and a helix by adjusting the mechanical tension. A tapered fiber helix was used to 
characterize both optical and mechanical resonances of a monolithic in-plane integrated photonic 
device. In addition, we also used a tapered fiber helix to optically trap and propel microscale silica 
beads in fluidic environment. Thanks to their repeatable fabrication process, outstanding 
mechanical stability, and the ability of near-field probing in-plane devices, tapered fiber loops and 
helices can find wide applications including integrated photonic device characterizations, 
microparticle manipulations, and optical sensing. 
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Chapter 3  HIGHLY ACCESSIBLE AND LOW-LOSS FIBER TAPERING 
SETUP BASED ON A CERAMIC HOUSED ELECTRIC FURNACE 
(CHEF) 
In the previous chapter, a fiber tapering setup based on an alcohol lamp was used to fabricate all 
the tapered fibers used in the experiment. The setup was used between the year 2014 to 2016. 
During the time, we found that the alcohol-lamp-based fiber tapering setup has many limitations 
which are detailed in the following. 1) The fiber being tapered may break during the tapering 
process. Around 3 to 4 fibers may break in ten fiber tapering experiments. 2) For the tapered that 
was not broke, they do not have a high optical transmission. The typical optical transmissions of 
the fabricated tapered fibers are between 70% to 85%. The highest optical transmission achieved 
is around 90%. These limitations are mainly caused by the alcohol lamp heat source. 1) and 2) are 
caused by the instability of the alcohol-lamp flame. The alcohol lamp flame may fluctuate both 
due to environmental air current disturbance and instable alcohol supply from the wick. For 3), it 
is because the flame sizes required for the fiber tapering and the loop annealing processes are 
different, and the flame size of the alcohol lamp has a low controllability (controlled by manually 
adjusting the wick). Furthermore, after 2 to 3 months usage, the wick of the alcohol lamp might 
degrade, and start to generate soot in the flame. The soot will contaminate the tapered fibers and 
cause them to fail.  
In order to increase the transmission of the tapered fiber, and to improve the controllability 
and repeatability of the fabrication process of the tapered fibers, between 2017 and 2018, we 
developed a new heat source called the ceramic housed electric furnace (CHEF) and a CHEF-
based fiber tapering system. This CHEF-based fiber tapering system can fabricate high-
performance tapered fibers with a much higher repeatability compared to the flame-based fiber 
tapering setup used in Chapter 2. While the performance of the CHEFs fabricated at different times 
may fluctuate due to the manual fabrication process, a fabricated high-performance CHEF can 
maintain its performance for as long as 6 months. I have experimentally demonstrated that using 
a high-performance CHEF, the successful rate of fabricating a tapered fiber with transmissions 
higher than 95% is more than 90%.  
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The rest of this chapter is organized as the following. In section 3.1, a brief review of the 
current heat sources used in the heat-and-pull fiber tapering setup is presented. In section 3.2, the 
development of the CHEF-based fiber tapering setup is presented. Recommendations to prevent 
failure of CHEF fabrication are given at the end. In section 3.3, an experimental parametric study 
of the CHEF is carried out, followed by a temperature characterization of the CHEF. In section 
3.4, a theoretical fundamental understanding of the fiber tapering process is presented. In section 
3.5, based on the fundamental understanding in section 3.4, the experimentally measured optical 
transmission from a tapered fiber is analyzed. In 3.6, based on the transmission analysis in section 
3.5, we developed a new monitoring method for the fiber tapering. This method can reliably 
determine the optical modes that are propagating in the tapered fiber. In section 3.7, a close to 
perfect-adiabatic tapered fiber is experimentally demonstrated using the CHEF-based fiber 
tapering setup. Its tapering process is analyzed based on the fundamental understanding developed 
in section 3.4, 3.5 and 3.6. 
3.1 REVIEW OF CURRENT HEAT SOURCES USED IN THE HEAT-AND-PULL FIBER 
TAPERING SETUP 
As we have mentioned in the Chapter 2, tapered optical fibers have found a wide range of 
applications, including chemical and biological sensing [54,107], micro-particle [34, 88] and atom 
trapping  [18], and low-loss light delivery [9,108]. Particularly, tapered fibers are widely used as 
an optical probe for on-the-fly device characterizations in monolithic integrated photonics [9]. 
Since the audience of integrated photonics is quickly expanding, it becomes increasingly important 
that tapered fibers with high performance can be fabricated in a readily accessible and repeatable 
way.  
Currently, most of the tapered optical fibers are fabricated using a heat-and-pull method 
[36]. Specifically, a section of the fiber is heated and softened by a heat source while being pulled 
and thinned by two motorized stages. While little needs to be done on motorized stages to improve 
the fabrication method, the currently used heat sources are far from ideal. A desired heat source 
should satisfy the following two requirements. Firstly, it should enable a highly repeatable 
fabrication process and produce tapered fibers with high optical transmission. This requires the 
heat source to maintain a stable and controllable temperature for the tapering. Secondly, the heat 
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source should be readily accessible, which means it should be low-cost, easy-to-use, and can be 
easily fabricated. Additionally, it is beneficial if the heat source allows the fabrication of tapered 
fibers with various tapering lengths to adapt for different applications. For example, in tapered-
fiber-based Brillouin scattering [35], a tapered fiber with a relatively long tapering length (~80 
mm) is used for enhanced optomechanical interactions. By comparison, for the integrated photonic 
device characterization [9], a relatively short tapered fiber length (~30 to 40 mm) is preferred for 
its high maneuverability and mechanical stability.  
Several types of heat sources have been reported, including flames [9], CO2 lasers [9], and 
commercially available micro-heaters [27]. Flame based heat sources are susceptible to 
environmental fluctuations including air currents, which can result in a poor repeatability of fiber 
tapering. Furthermore, flames produced by low-cost sources, such as an alcohol lamp [27], may 
contain soot that can contaminate the tapered fiber and cause high transmission loss. Compared 
with the flame, the CO2 lasers can provide a stable, soot-free heating zone that will not be 
influenced by air currents. However, CO2-laser-based heat sources need to be carefully aligned 
using a relatively complex free-space beam steering setup. This setup needs constant re-alignments 
by a trained user, which limits the accessibility of the setup and the repeatability of the tapering 
results. Compared with the flame and the CO2-laser-based heat sources, commercially available 
micro-heaters [27] can provide a heating zone that is stable and free from contamination and has 
a straightforward and compact design that do not require special alignment in the system setup. 
However, the commercially available micro-heaters used in published works are relatively 
expensive (ranging from $2500 to $20,000 each), and any replacement or repair of such systems 
could result in additional costs and a long lead time. 
It is clear that the key to make the high-performance tapered fibers that have high 
transmissions and suitable tapering lengths more accessible is the heat source. The desired heat 
source that is low-cost, easy-to-use, and can generate repeatable tapering results without being 
influenced by the environment is yet to be demonstrated. 
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3.2 DEVELOPMENT OF THE CHEF-BASED FIBER TAPERING SETUP 
3.2.1 Fiber tapering setup based on the CHEF heat source 
The CHEF-based fiber tapering system is developed based on the alcohol-lamp-based fiber 
tapering setup introduced in section 2.2.1. The schematic and photo of the CHEF-based fiber 
tapering system are shown in Figure 37 (a) and (c). There are mainly two differences between the 
CHEF-based and the alcohol-lamp-based fiber tapering setup. As their name suggested, the first 
difference is that the two setups are using different heat sources (CHEF and alcohol lamp). The 
second difference is that the alcohol-lamp-based fiber tapering setup monitors the fiber tapering 
process based on the time-domain optical transmission signal, while the CHEF-based fiber 
tapering setup monitors the fiber tapering process based on the frequency-domain optical 
transmission signal. The frequency-domain-based monitoring method can more reliably determine 
the triggering of the single mode state of the tapered fiber (detailed in section 3.5), which is a 
feature desired by many applications. The heating mechanism of the CHEF is based on the electric 
resistant heating. During the tapering, a DC power supply (GENH150-5, TDK-Lambda) is used to 
input electrical driving current into the electric heating wire (A1 Resistance Wire, KANTHAL) 
coiled within a ceramic tube housing, as shown in Figure 37 (b) and (d). The heat generated by the 
electric heating wire is partially insulated by the ceramic tube and can raise the temperature within 
the tube to be higher than the transition temperature of the glass fiber. This temperature will soften 
the optical fiber within the tube and allow it to be tapered using the heat-and-pull method [9].  
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Figure 37 (a) and (c) show the schematic and photo of the fiber tapering setup respectively. (b) 
and (d) show the schematic and photo of the CHEF heat source respectively. 
3.2.2 Fabrication of the CHEF 
 
Figure 38 Photos showing the fabrication process of the CHEF. (a)-(c) show how the heating coil 
is winded using a hand drill. (d)-(e) show how the coiled heating wire is inserted into ceramic 
housing. (f) shows the fabricated CHEF. 
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As we have shown in Figure 37 (b) and (d), a CHEF is made of two components, the coiled heating 
wire and the ceramic tube housing. To fabricate the CHEF, we first slipped a ceramic tube onto a 
drill bit with diameter around 2.5 cm. Then a KANTHAL heating wire was threaded through the 
ceramic tube, and one end of the wire was clamped together with the drill bit into the drill head of 
a hand drill (M18, Milwaukee), as shown in Figure 38 (a). Then the KANTHAL wire was winded 
onto the drill bit by stretching one end of the wire with hand and rotating the drill bit using the 
drill, as shown in Figure 38 (b)-(c). After the desired coil length was achieved, the ceramic tube 
was pushed towards the coil by a finger until the coil was completely covered by the tube, as shown 
in Figure 38 (d)-(e). Finally, after releasing the clamped end of the heating coil, one can slide the 
coil together with the ceramic tube off the drill bit, and a CHEF was fabricated. The fabrication 
process of the CHEF is straightforward and highly repeatable. After several practices, a non-
technical person can finish the process within 10 minutes.  
3.2.3 Recommendations for the CHEF fabrication process 
While the fabrication process of the CHEF is straightforward, there are some human-errors that 
could cause failure of the CHEF fabrication. A successfully fabricated CHEF has a uniformly 
spaced coil, while a failed CHEF has a nonuniformly spaced coil, as shown in Figure 39.  
 
Figure 39 Photos showing uniformly spaced coil of a successfully fabricated CHEF (left colunm) 
and nonuniformly spaced coil of a failed CHEF. 
 
 62 
To ensure the fabricated CHEF has a uniformly spaced coil we gave the following 
recommendations: 
i. During the winding process, the hand that is holding the free end of the wire should move 
slowly at a constant speed comparable to the coil length’s increasing speed. This can 
prevent the next coming wire stack onto the previous coiled wire.  
ii. The angle between the free end of the coil wire and the drill bit should be kept the same 
throughout the winding process. This can ensure the distance between each wire is the same. 
iii. During the winding process, keep a relatively slow rotation rate of the drill bit. A 
recommended ration rate is around 2-3 seconds per round. A slow rotation speed can will 
allow the user to achieve (i) and (ii) easier. 
iv. Do not use a wire that is too hard or too soft for the fabrication. If the wire is too soft, when 
the fabricated coil is released from the drill bit, part of it will expand and deform, which 
may cause nonuniform coil spacings. If the wire is too hard, it will be difficult to control 
(i) and (ii) during the winding process. Recommendations related with how to choose the 
right wire thickness is further discussed in section 3.3.1. 
3.3  EXPERIMENTAL STUDY AND CHARACTERIZATION OF THE CHEF 
3.3.1 Parametric study and general design guidelines of the CHEF 
We conducted a parametric study to fully understand how different CHEF designs and operation 
parameters affect the performance of the tapered fibers, as well as to elaborate a general design 
guideline for the CHEF. In the study, we fabricated CHEFs of different designs and experimentally 
characterized their fiber tapering results under different operation parameters. The results of the 
parametric study are presented in Table I. The table can serve as a useful guide for the users to 
fabricate high-performance tapered fibers using the CHEF. 
In the table, the second and the third columns show different designs of the CHEF. Two 
design parameters were investigated in the parametric study, namely, the ceramic tube housing 
length (column 2) and the heating wire diameter (column 3). Specifically, for each parameter we 
selected three values, and in total nine designs with different combinations of ceramic housing 
lengths and heating wire diameters were studied. The fourth column of the table show the operation  
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                          TABLE I 
           Parametric Study of the CHEF 
 
Ceramic 
Housing 
Length 
(mm) 
Heating 
Wire 
Diameter 
(mm) 
Electric 
Driving 
Current 
(A) 
Transmission 
(%) 
Standard 
Deviation of 
the Trans. 
Tapering 
Length 
(mm) 
CHEF1 
8 
 
0.32 
3.5 sliding   
3.8 95.4 0.42 33.2 
4 < 70   
CHEF2 0.25 
2.8 sliding   
2.9 94 0.71 29.9 
3 < 80   
CHEF3 0.2 
1.8 < 75   
1.85 91.5 0.58 26.5 
2 < 40   
CHEF4 
13 
0.32 
3.25 Sliding   
3.5 98.4 0.42 39.7 
3.7 < 60   
CHEF5 0.25 
3.1 < 50   
3.35 97.5 0 44.8 
3.6 < 70   
CHEF6 0.2 
1.5 < 70   
1.7 95.5 1 47 
1.8 0.72   
CHEF7 
20 
0.32 
2.85 < 34   
3 96 1.5 48.6 
3.5 < 48   
CHEF8 0.25 
2.08 Sliding   
2.2 97.5 1.7 49.1 
2.3 < 70   
CHEF9 0.2 
2.4 < 80   
2.45 97 1.2 42.7 
2.55 broke   
 
parameter investigated in this study, which is the electrical driving current for the CHEF. For the 
same CHEF, the heating power generated through the resistant heating of the heating wire is 
proportional to the square of the driving current according to the equation P=I2*R, where P is the 
Ohmic heating power, “I” is the driving current, and “R” is the resistance of the heating wire. As 
a result, the temperature within the CHEF will increase/decrease when the electrical driving 
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current increase/decrease. A more detailed study on the temperature distribution within the CHEF 
at different electrical driving currents is presented in section 3.3.2. 
The performance of the CHEF was characterized mainly by two parameters, the 
transmission and the tapering length of the tapered fiber, which are shown in the fourth and sixth 
columns of the table. For each CHEF design, we have experimentally investigated a range of 
electrical driving currents for the fiber tapering and identified the optimum current. At these 
optimum driving currents, the tapered fibers all have an averaged transmission of higher than 90% 
as shown in the green highlighted rows of the table. The averaged transmissions were acquired 
from three consecutive experiments and all have a minimum standard deviation as shown in 
column 5 of the table. In the best cases, tapered fibers with transmissions close to 99% have been 
demonstrated (see section 3.7 for an example data). These results show that CHEFs of different 
designs are all capable of fabricating high transmission tapered fibers in a highly repeatable way. 
It is noted that an electrical driving current slightly deviated from the optimum value, say ± 0.1A, 
will still allow the CHEF to produce high-transmission tapered fibers. To give the user an idea of 
the range of the optimum electrical driving current, we have included the upper limits and the 
lower limits of the electrical driving currents for the fiber tapering in the table. At these limits, the 
CHEF starts to fail to produce high-transmission tapered fibers due to a too high or too low 
temperature. 
As mentioned in section 3.1, a high-performance tapered fiber should not only have high 
transmission, but also a suitable tapering length for the desired application. Tapering length of a 
tapered fiber is determined by the effective heating length (effective heating length is defined in 
section 1.4.1.2.1) of the heat source (the reason will be detailed in section 3.4). In general, CHEFs 
with longer ceramic housings will have longer effective heating lengths, and hence can be used to 
fabricate tapered fibers with relatively long tapering lengths. In fact, as shown in the table, tapered 
fibers with relative short tapering lengths of 25.4 to 33.5 mm can be fabricated using the CHEF 
with the 8 mm long ceramic housing, while tapered fibers with relative long tapering lengths of 
41.8 to 54.3 mm can be fabricated using the CHEF with the 20 mm long ceramic housing. These 
results show that it is possible to adjust and optimize the tapered fiber length for different 
applications by switching between CHEFs with different ceramic housing lengths. However, while 
the tapered fiber length can be controlled qualitatively, it is difficult to quantitatively control the 
tapered fiber length using the CHEF. This is because the effective heating length of the CEHF is 
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related with not only the length of the ceramic housing which can be easily controlled, but also 
other factors that cannot be well controlled. Particularly, the coil density of the heating coil which 
as described in the method section cannot be accurately controlled. A denser/looser coil will 
correspond to a longer/shorter effective heating length of the CHEF, and as a result a longer/shorter 
tapering length. In practice, a user after a reasonable amount of practice (~ 3 to 4 times) should be 
able to repetitively produce coils with similar density, which will allow the CHEF to produce 
tapered fibers with a tapering length variance within ±5 mm. Once a CHEF with an ideal heating 
coil is fabricated, its effective heating length will no longer changes during its usage and can 
reliably fabricate high-transmission tapered fibers with the desired tapering length.   
One characteristic of the CHEF design that cannot be inferred from the data in the table is the 
difficultness of its fabrication. Here, drawing on our experience of fabricating the 9 CHEFs used 
for the parametric study, we give two design guidelines of the CHEFs. Furthermore, by combining 
these two design guidelines, we have selected a CHEF design that is most suitable for the manual 
fabrication method described in the method section.  
i. Firstly, the ideal ceramic housing length for the CHEF fabrication is around 13 mm. CHEFs 
with shorter ceramic housings, for example the 8 mm ones, are less thermally insulated 
from the environment. As a result, to generate the temperature suitable for the fiber tapering 
they will require a more densely winded heating coil which can be difficult to make. CHEFs 
with longer ceramic housings, for example the 20 mm ones, do not have the concern of 
thermal insulation but will require heating coils with longer lengths. While it is easy to 
increase the length of the heating coil, to also ensure the uniformity of the coil density is 
challenging. A nonuniform coil density will cause the temperature distribution within the 
CHEF not suitable for the fiber tapering (detailed in section 3.4). The recommended ~13 
mm long ceramic housings, on the other hand, not only have a sufficient thermal insulation 
but also only require a heating coil length that can be relatively easily achieved.  
ii. Secondly, the most suitable heating wire diameter for the fabrication of the coil is ~0.32 
mm. Thinner diameter wires, for example the 0.25 mm and 0.2 mm diameter wires, are 
more difficult to maintain the shape of the coil due to their high flexibility. If the flexible 
coils expand or shrink after the fabrication, different rounds of the coils will be in contact. 
This will cause parts of the heating coils to be electrically shorted and cannot generate 
enough heat for the tapering. While a thicker diameter wire can better maintain the shape 
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of the coil, it will have a smaller wire resistance, because the wire resistance (R) decrease 
quickly with the cross-section area A as R~A-2. With the smaller wire resistance, from the 
equation P=I2*R we know that to generate the same heating power will require a higher 
driving current which may overload the DC power supply. On the other hand, the 
recommended ~0.32 mm diameter heating wires can well maintain the shape of a coil as 
long as 13 mm after its fabrication. It can also generate sufficient Ohmic heating power at 
an electrical driving current less than 4 amperes, which is within the capability of most of 
the DC power supplies. 
Following the above two design guidelines, we recommend CHEF4 in the table with the 
combination of 13 mm ceramic housing length and 0.32 mm heating wire diameter to be most 
suitable for our manual fabrication method. Furthermore, since CHEF4 can produce high-
transmission tapered fibers with a tapering length of around 40 mm which is suitable for most of 
the applications, CHEF4 is also in general the most optimum CHEF design.   
3.3.2 Temperature characterization of the CHEF 
Temperature within the CHEF is critical for the fabrication of high-performance tapered fibers. It 
directly affects the transmission and the tapering length of a tapered fiber. Here, the relationships 
between the temperature distribution within the CHEF and the electrical driving current, the 
ceramic tube length, and the heating coil density were investigated and discussed respectively. The 
temperature distributions were acquired by measuring at different points along the center axis of 
the CHEF using a K-type thermocouple (OMEGA). 
First, we characterized the relationship between the temperature and the electrical driving 
current. A CHEF with the design of 13 mm long ceramic housing and 0.32 mm diameter heating 
coil (the recommended optimum design) was used for the experiment. Temperature distributions 
within the CHEF at 3.00 A, 3.10 A, and 3.25 A driving current were measured and shown in Figure 
40 (A). The results show that the temperature within the CHEF at the same axial position is higher 
when the electrical driving current is higher. At electrical driving current of 3.25 ampere, the CHEF 
can produce tapered fibers with final transmissions higher than 95%. At electrical driving current 
of 3.10 ampere, fibers can still be tapered by the CHEF but will start to slide on the mechanical 
clamp during the tapering. This is because that at 3.10 ampere driving current, the highest 
temperature within the CHEF was about the same as the transition temperature of the glass fiber, 
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and the fibers were not soften enough for a continuous tapering. The averaged final transmission 
of the tapered fibers fabricated at 3.10 ampere electrical driving current is smaller than 90%. At 
electrical driving current of 3.00 ampere, the temperature within the CHEF was lower than the 
transition temperature of the glass fiber. In this case, the fibers were continuously sliding on the 
mechanical clamp during the tapering and cannot be tapered. 
 
 
Figure 40 Temperature characterization results of the CHEF. (a) temperatures of the same CHEF 
at different driving currents. (b) temperatures of CHEFs with different tube lengths at the same 
driving current. (c) temperatures of CHEFs with uniform and non-uniform coils. 
 
Figure 40 (b) shows the characterization results of temperature distribution within CHEFs of 
different ceramic housing lengths. From the results we can see that a longer ceramic housing can 
provide a longer heating zone and hence a longer effective heating length, which means they will 
produce tapered fibers with longer lengths. However, the above statement is only true when the 
heating coil densities of different CHEFs are the same. For example, Figure 40 (c) shows the 
comparison of temperature distributions within two CHEFs that have the same ceramic housing 
length but different coil densities. The purple triangle marked curve corresponds to the measured 
temperature within a CHEF that has a uniform coil density that is typical for most of the heating 
coils we made. The brown circle marked curve corresponds to the measured temperature within a 
CHEF that has an intentionally winded ununiform coil density. The ununiform heating coil has a 
looser than typical coil density in the center region. As a result, the center region temperature of 
the CHEF with the ununiform heating coil is much lower than that of the CHEF with the uniform 
 68 
heating coil. The largest temperature difference is more than 100ºC. While the CHEF with the 
uniform heating coil can produce high-performance tapered fibers, the CHEF with the ununiform 
heating coil cannot taper the optical fiber at all. This means that the CHEF with the ununiform 
heating coil has an effective heating length of zero. In reality, most of the heating coils do not have 
such dramatic difference in their uniformity. But the presence of different effective heating lengths 
in CHEFs with the same ceramic housing length is relatively common. In fact, the reason that in 
Table 1, tapered fibers fabricated by CHEFs with the same ceramic housing length have different 
tapering lengths is mainly due to the differences in the heating coil densities. For example, for 
CHEF1 and CHEF2, CHEF2 has a looser coil density than CHEF1, and hence tapered fibers 
fabricated by CHEF2 have a shorter tapering length. 
Another indication from the results in Figure 40 (C) is that if the heating coil has an ununiform 
coil density, the temperature within the CHEF will also be ununiform. While any temperatures 
above the glass transition temperature will allow the glass fiber to be tapered, a higher temperature 
will cause the glass fiber to be less stiff and be more easily elongated. As a result, a nonuniform 
temperature distribution will lead to an asymmetric shape of the tapered fiber, which will cause 
transmission loss to the tapered fiber. This is also the reason why in the guidelines of CHEF design 
we recommend avoiding long heating coils which is prone to be ununiform due to the manual 
fabrication method. 
3.4 FUNDAMENTAL UNDERSTANDING OF THE FIBER TAPERING PROCESS 
3.4.1 Shape of the straight tapered fiber 
The shape of a tapered fiber fabricated by a uniform and constant heat-source using the heat-and-
pull method can be described by a widely used model [18]. The model is derived based on the 
assumption of volume conservation of the fiber during the tapering. According to the model, the 
heat source used for the tapering has a section whose temperature is higher than the fiber’s 
transition temperature. The length of this section is called the effective heating length. During the 
tapering, the diameter of the fiber within this section will be uniformly shrunk. But once the fiber 
moves outside this section its diameter will no longer be shrank. In a tapered fiber, the uniformly 
shrunk region is called the tapered fiber waist, and the regions that connect the tapered fiber waist 
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to the input and output single mode fiber are called the transition regions. The transition region 
has an exponentially decreasing diameter resulted from the tapering process [18]. A schematic of 
the cross-section of the tapered fiber is shown in Figure 41 in a cylindrical coordinate. The origin 
of the coordinate coincides with the beginning of the input transition region (left). The length of 
the tapered fiber waist region (h) is the same as the effective heating length (red lines in Figure 
41). The total length of the transition region (L) is the same as the elongation of the fiber, which 
is often referred to as the tapering length (blue lines in Figure 41). The shape of the tapered fiber 
is symmetric with respect to 𝑧 = jpmF . The shape of a tapered fiber is fully described using the 
symmetry and the relations below: 
 𝑟2&*-},2,%- = 𝑟[𝑒Nij 								0 ≤ 𝑧 ≤ 𝐿2 (9) 
 𝑟*,}2 = 𝑟[𝑒N mFj 									𝐿2 ≤ 𝑧 ≤ 𝐿 + ℎ2 	 (10) 
 
 
Figure 41 Schematic of the cross section of a tapered fiber along the longitudinal axis. 
 
It is noted that while the model above provides a description of the tapered fiber shape with 
adequate accuracy for our following analysis, the shapes of most real tapered fibers do not match 
the model exactly. The deviation from the ideal tapered fiber shape is often due to the nonuniform 
temperature distribution of the heat source, which can cause the tapered fiber shape to be 
asymmetric. Compared to a tapered fiber with symmetric shape, a tapered fiber with asymmetric 
shape has lower optical transmission. The additional transmission loss is due to the guided light 
couple to higher order modes that are not of the fundamental mode family [18] (e.g. HE11 to HE21 
mode), which will not happen in a tapered fiber with symmetric shape. For example, the 
spectrograms in Figure 44 and Figure 45 correspond to the transmission signal of a tapered fiber 
with asymmetric and symmetric shape respectively. More detailed discussion on these 
spectrograms on presented in the following sections. 
 70 
3.4.2 Optical modes evolution in a tapered fiber 
To study the evolution of the optical modes in a tapered fiber during its tapering process, we need 
to model the transition region and the tapered fiber waist region separately. While the tapered fiber 
waist region with a uniform diameter can be modeled as a straightforward step-index cylindrical 
waveguide, modeling the transition region that has a more complex geometry is relatively difficult. 
Analytical model [15] and numerical simulation studying [18] the optical modes in the transition 
region can be found in previous works. Here, only the more relevant optical modes in the tapered 
fiber waist region is studied.  
At the beginning of a tapering process, all the light is confined within the fundamental HE11 
mode of the core of the tapered fiber waist and is guided by the core-cladding boundary. However, 
as the diameter of the tapered fiber waist keeps decreasing, the fiber core will eventually become 
too small to guide the light and the light will escape into the cladding and guided by the cladding-
air boundary. The tapered fiber waist will become a multi-mode step-index cylindrical waveguide 
whose effective core is the fiber’s cladding and whose effective cladding is the air. Optical modes 
supported by the multi-mode cylindrical waveguide are found by solving the rigorous dispersion 
equation (11) for a step-index cylindrical waveguide without using the weakly guiding (n0	≅	n1) 
approximation. The weakly guiding approximation cannot be used here because for the cladding-
air waveguide the difference of the refractive index between the effective core (fiber cladding, 
ncladding = n1≈1.447) and the effective cladding (air, nair=n0=1) is relatively large and the light is 
under the strong guiding condition [15]. 
  𝐽- (𝑢)𝑢𝐽-(𝑢) + 𝐾- (𝑤)𝑤𝐾-(𝑤)  𝐽- (𝑢)𝑢𝐽-(𝑢) + 𝑛[𝑛\F 𝐾- (𝑤)𝑤𝐾-(𝑤) = 𝑛F  1𝑢F + 1𝑤F  1𝑢F + 𝑛[𝑛\F 1𝑤F (11) 
In the dispersion equation (1) shown above, 𝑢 = 𝑑𝑘F𝑛\F − 𝛽F, 𝑤 = 𝑑𝛽F − 𝑘F𝑛[F in which d is 
the diameter of the tapered fiber waist, 𝑘 = FGz  is the propagation constant of the light in vacuum, 
and 𝛽 = 𝑘	𝑛-'XX  is propagation constant of the optical modes where 𝑛'XX  is the effective 
refractive index of that mode, 𝐽-(𝑢) and 𝐽- (𝑢) are the nth order Bessel function of the first kind 
and its derivative with respect to u respectively, 𝐾-(𝑤) and 𝐾-(𝑤) are the nth order modified 
Bessel function of the second kind and its derivative with respect to w respectively. Dispersion 
curves showing the calculated effective refractive indices of different optical modes at different 
tapered fiber radiuses are plotted in Figure 42. From Figure 42 we can see that as the diameter of 
the multi-mode tapered fiber waist was being continuously shrunk, both the number of the 
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supported optical modes and the effective refractive index (𝑛'XX) of each mode are continuously 
changing. Due to this change, the co-propagating optical modes will beat with each other and 
renders a time-dependent optical transmission that oscillates in a complicated way. More detailed 
discussion on this oscillation will be discussed later in section 3.5.2. To better visualize the cutoff 
of different higher order modes as the fiber diameter decreases, we calculated the electric field 
distributions of different optical modes supported by the waveguide when its diameter is 
approaching the critical cutoff value using the finite element method (FEM). The electric field 
distributions of the supported modes at different tapered fiber diameters are shown in the inset 
above the dispersion curve in Figure 42. The simulation results show that as the radius of the 
tapered fiber waist shrunk from 0.85 𝜇𝑚 to 0.45 𝜇𝑚, all the higher order modes were cutoff and 
only the fundamental HE11 mode was supported at the radius of 0.45 𝜇𝑚. 
 
 
Figure 42 A plot of dispersion curves for different optical modes. The simulation results on top 
of the dispersion curve plot show the supported optical modes at different tapered fiber radiuses. 
Inset (a-c) show the electric field distribution of different modes supported at radius 0.45𝜇𝑚, 
0.65𝜇𝑚, and 0.85𝜇𝑚. The color in the electric field distribution plot indicates power of the field, 
with red color the highest value and blue color the lowest value.  
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It is noted that, while the calculation shows that the multi-mode tapered fiber waist can 
support several higher-order modes before it reaches the critical radius, it does not mean that all 
these modes will be excited and propagate in the tapered fiber waist. To study exactly what modes 
will be generated will require analysis on the transition region of the tapered fiber, which as 
mentioned previously is not in the scope of this work. In general, if the tapering process is strictly 
adiabatic, the fundamental HE11 mode will be adiabatically coupled into and out of the tapered 
fiber waist, and no higher-order modes will be generated. However, since most of the tapering 
process in practice is not strictly adiabatic, higher-order modes will be excited and co-propagate 
with the fundamental mode into and out of the tapered fiber waist during the tapering. 
3.5 EXPERIMENTAL AND THEORETICAL STUDY OF THE OPTICAL TRANSMISSION 
OF THE TAPERED FIBER 
3.5.1 Experimentally measured time-domain and frequency-domain optical 
transmission signals 
During the tapering process, the optical transmission for an adiabatically tapered fiber is different 
from that of a non-adiabatically tapered fiber. In an adiabatic tapering process of a single mode 
fiber (SMF-28), at any given time point, the optical transmission will only oscillate at a relatively 
small amplitude. This oscillation is due to the system noises such as noises from the laser source 
and the photodetector. However, our tapering processes are not strictly adiabatic, and the 
transmission signal will exhibit a more complicated oscillation pattern. A typical example of such 
oscillating transmission signals is shown in Figure 43 (a) and (b). The CHEF used for the 
experiment was made from a 0.32 mm diameter heating wire and a 13 mm long ceramic housing 
tube. Figure 43 (a) is a normalized time-domain oscillation signal acquired at a sampling rate of 
1000Hz. Figure 43 (b) (i-vi) are power spectra calculated from samples acquired at different 
tapering lengths. The sampling time is one second for all the power spectra. The color of the power 
spectra in Figure 43 (b) correspond to the color of the vertical lines in Figure 43 (a) which indicate 
at what tapering lengths the power spectra were taken. Here, we first look at the qualitative relation 
between the oscillation amplitude of the transmission signal and the peaks in the power spectra at 
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different tapering lengths. A more detailed quantitative analysis of the relationship will be 
discussed in the following section 3.5.2.  
 
 
Figure 43 (a) Normalized time-domain transmission signal plotted against the tapering length of 
the fiber. The normalization is conducted by dividing the original time-domain transmission of 
the tapered fiber by the averaged transmission of an un-tapered SMF-28 fiber at the same optical 
input. (b) Power spectra of the sampled transmission signal at different tapering lengths. (i)-(vi) 
were taken at tapering lengths of 5, 21, 25, 28, 29, and 30 mm respectively 
 
At the beginning of the tapering process, the time-domain optical transmission only 
oscillates at the system-noise level, and the corresponding power spectrum (orange spectrum in 
Figure 43 (b) (i)) shows no peaks in the plot. As the fiber diameter being further decreased, at the 
tapering length of 21 mm, the time-domain transmission signal shows a higher oscillation 
amplitude and a more complicated oscillation pattern. The power spectrum that corresponds to this 
period (green spectrum in Figure 43 (b) (ii)) shows three peaks. These peaks are due to the beating 
between the higher order modes and the fundamental mode. At the tapering length of 25 mm, as 
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shown in Figure 43 (b) (iii), there is only one peak left in the power spectrum. The disappearance 
of the other two peaks are due to the cutoff of the corresponding higher order modes due to the 
continuously decreasing tapered fiber waist diameter. Figure 43 (b) (iv-vi) show the frequency-
domain signals that correspond to the end of the tapering process. First, from the tapering length 
of 28 mm (Figure 43 (b) (iv)) to the tapering length of 29 mm (Figure 43(b)(v)) both the oscillation 
amplitude of the time-domain signal and the amplitude of the peak in the power spectra have 
decreased. This means that the energy coupled to the higher order mode that is beating with the 
fundamental mode has decreased. From the tapering length of 28 mm Figure 43 (b) (iv) to the 
tapering length of 30 mm Figure 43 (b) (vi), while there is no obvious change in the oscillation 
magnitude of the time-domain transmission signal, it is clear that all the peaks in the power spectra 
has disappeared, which means the single-mode state of the tapered fiber waist has been triggered. 
3.5.2 Theoretical analysis of the optical transmission signal 
From the experimental results above, we know that the beating between the higher order modes 
and the fundamental mode can results in a complicated oscillating transmission signal. To better 
understand this signal, we analyzed the co-propagation of different optical modes in a non-
adiabatically tapered fiber. The propagating optical modes vary in time and along the tapered fiber 
as 𝑒𝑥𝑝[𝑖(𝛽,𝑧 − 𝜔𝑡)], where z is the propagation length along the z-axis defined in Figure 41, and 𝛽, is the propagation constant of the guided optical mode. 𝛽, can be written as: 𝛽, = F-KLLSz , where 𝑛'XX, is the effective refractive index of the optical mode. Different optical modes have different 
propagation constants. When two optical modes co-propagate in an optical fiber, they will beat 
spatially and when they recombine at the output transition region, they will have a relative phase 
difference 𝛷,  [40]: [40] 
 𝛷,(𝐿) = 2 𝛥𝛽,𝑟2&*-},2,%-(𝑧)𝑑𝑧mFm\ + 𝛥𝛽,(𝑟*,}2) ℎ2	 (12) 
In equation (12) shown above, 𝛥𝛽,  is the difference of the propagation constant between two 
different modes at different tapered fiber radius and is z-dependent. The integration parameter 𝐿\ 
is the z-coordinate at which the two modes start to co-propagate along the tapered fiber. 𝐿\ is a 
constant that is different for different higher-order modes. The integration parameter L is the 
tapering length of the tapered fiber. The efficiency of the two beating modes recombining back to 
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the output single mode fiber varies with the accumulated relative phase difference 𝛷,  as 𝐶𝑜𝑠(𝛷,)   [109]. Since the accumulated relative phase difference 𝛷,  is a function of L, the 
recombination efficiency of the modes will vary during the tapering process. This variation in the 
recombination efficiency is the cause for the beating in the transmission signal. Combining 
equation (9), (10), and (12), the spatial beating frequency 𝐾, of the transmission signal can be 
written as : 
 𝐾, = 12𝜋 𝑑𝛷,(𝐿)𝑑𝐿 = 12𝜋	(𝛥𝛽,(𝑟*,}2) − 𝑟*,}22 𝑑𝛥𝛽,𝑑𝑟 |)	 (13) 
Since our measured transmission signal is in the time-domain, the time-domain beating frequency 𝑓, = \F +£S¤+2  is more relevant to our experiment. Using the relationship +m+2 = 𝑣2 , where 𝑣2 is the 
total tapering speed. The relationship between the spatial beating frequency and the time-domain 
beating frequency 𝑓, can be written as: 
 𝑓, = 12𝜋 𝑑Φ,𝑑𝑡 = 12𝜋 𝑑Φ,𝑑𝐿 𝑑𝐿𝑑𝑡 = 12𝜋 𝑣2 𝑑Φ,𝑑𝐿 = 12π𝑣2𝐾, (14) 
The time-domain beating frequencies (𝑓, ) at different tapering lengths can also be 
experimentally found from the real-time transmission samples as shown in Figure 43 (b). The peak 
frequencies in the experimentally measured spectra matched the time-domain beating frequencies 
calculated using theoretical equation (14) (calculation not shown). However, from the discrete 
spectra plot in Figure 43 (b) it is not obvious how the beating frequency 𝑓, continuously changes 
during the tapering process. To better capture the dynamics of the 𝑓, during the tapering process, 
including its amplitude change and frequency shift, we plotted the power spectra at different 
tapering lengths throughout the whole tapering process in a spectrogram as shown in Figure 44. In 
the spectrogram the y-axis is the time-domain beating frequency, the x-axis is the tapering length, 
and the brightness of the color in the spectrogram shows the amplitude of the frequency domain 
signal. The bright yellow intensity curves show the time-domain beating frequencies 𝑓, between 
different pairs of co-propagating modes. To identify the corresponding optical modes of the 𝑓, in 
the spectrogram, we fitted the 𝑓,  using the analytical expression shown in equation (14). The 
effective heating length ℎ is used as the fitting parameter to make the analytical 𝑓, fitting curve 
overlaps with the 𝑓, intensity curve in the spectrogram. From the fitting results, we determined 
two pairs of co-propagating modes, the EH22 and HE11 modes (red line) and the HE12 and HE11 
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modes (black line). From the spectrogram we can clearly see the generation, shifting, and the 
disappearance of the time-domain beating frequencies 𝑓, during the tapering process predicted by 
the theory. 
 
 
Figure 44 Spectrogram showing the evolution of the beating frequency. The solid curves are 
analytical fitting curves using equation (14).  
3.6 DEVELOPMENT OF A RELIABLE FIBER TAPERING MONITORING METHOD 
Single mode operation is desired at the tapered fiber waist region for characterizing integrated 
photonic devices, such as on-chip micro-resonators. In such applications, an ideal single mode to 
single mode coupling prevents parasitic coupling to unwanted device modes and readily enables 
the critical coupling, both of which help to achieve a minimum coupling loss. As a result, it is 
important to ensure that the fabricated tapered fiber has a single-mode tapered fiber waist. 
However, as mentioned in the previous section, most of the tapering processes are not adiabatic, 
and during the tapering process higher-order modes can always be excited and propagate in the 
waist region. Therefore, it is important to make sure that the diameter of the tapered fiber waist 
has been decreased enough to cut off all the higher-order modes and the single-mode state of the 
tapered fiber waist has been triggered. Although a single-mode tapered fiber waist can always be 
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achieved by decreasing the diameter of the tapered fiber waist, over-decreasing the diameter can 
result in a mechanically weak tapered fiber and even breakage. Therefore, an ideal time to stop the 
tapering process is right after the single-mode state of the tapered fiber waist has been triggered. 
This time-sensitive requirement necessitates a reliable monitoring method during the tapering 
process, which enables the real-time identification of the triggering of the single mode state and 
allows the tapering to be promptly stopped. 
The most widely used monitoring method is based on the time-domain optical transmission 
signal of the tapered fiber, such as the one described in Chapter 2. In the time-domain-based 
method, the triggering of the single-mode state is determined by the change of the oscillation 
amplitude of the time-domain transmission signal. The feasibility of the time-domain-based 
method relies on the assumption that the beating-induced oscillation has a significantly larger 
amplitude compare to that of the system-noises-induced oscillations. With this assumption, when 
the last higher order mode in the tapered fiber waist has been cut off and the beating-induced 
oscillation has died out, there will be a large drop in the amplitude of the transmission signal. 
However, this assumption is not necessarily true, and the largest amplitude drop of the 
transmission signal might occur before the last higher-order mode is cut off. For example, in Figure 
43 (a), the largest drop of the oscillation amplitude happened between the tapering length of 28 
mm and 29 mm while the HE12 higher order mode still exists. Furthermore, right before the last 
higher order mode was cut off, which is between the tapering length of 29 mm and 30 mm, the 
oscillation amplitude of the beating-induced oscillation is on the same level of the system-noises-
induced oscillations. In this case, when the last higher-order mode is cut off in the tapered fiber 
waist, the user cannot accurately determine the triggering of the single-mode state based on the 
small changes in the oscillation amplitude of the transmission signal. As a result, the transmission-
amplitude based monitoring method could easily cause misjudgments of the single-mode 
triggering, which will lead to a multi-mode tapered fiber waist.  
To more reliably identify the triggering of the single-mode state of the tapered fiber waist, 
we implemented a frequency-based monitoring method. In our frequency-based monitoring 
method, the triggering of the single-mode state is determined by the vanishing of the peaks in the 
frequency-domain signal. This method is based on the fact that the peak will and only will appear 
when there is higher order mode co-propagating in the tapered fiber waist. The reasoning for this 
correlation can be found in section 3.5.2. Unlike the time-domain transmission-amplitude based 
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monitoring method, as shown in Figure 43 (b)(v-vi), the vanishing of the peaks/peak in the 
frequency-domain signal can be easily identified even when the beating-induced transmission 
oscillation has a small oscillation amplitude (Figure 43 (a)). To achieve real-time monitoring, we 
integrated the frequency-based monitoring method with a LabVIEW program, which allows us to 
transform the time-domain transmission signal into the frequency domain with a refresh rate of 1 
second. This enabled us to reliably determine the triggering of the single-mode state of the tapered 
fiber waist in real time and to stop the tapering process promptly. 
3.7 EXPERIMENTAL DEMONSTRATION OF A CLOSE TO PERFECT-ADIABATIC 
STRAIGHT TAPERED FIBER 
Highly adiabatic tapered fibers are desired in many applications [9]. This is because the 
adiabaticity will determine a tapered fiber’s efficiency of coupling light to and from external 
systems [18]. Using the CHEFs, especially the ones with the recommended optimum design of 13 
mm long ceramic housing and 0.32 mm diameter heating coil, highly adiabatic tapered fibers with 
transmissions higher than 95% can be routinely fabricated. In the best cases, tapered fibers with 
close to perfect-adiabaticity and a transmission close to 99% have been demonstrated. As an 
example, Figure 45 shows the time-domain and the frequency-domain transmission signals 
recorded during a close to perfect-adiabatic fiber tapering process. In this tapering process, the 
total tapering speed is set to 0.2 mm/s and a CHEF with the recommended optimum design was 
used. To better understand the differences between the close to perfect-adiabatic tapered fibers and 
the more typical high-transmission but less adiabatic tapered fibers, we analyzed and compared 
their time-domain and frequency-domain transmission signals. 
Firstly, the normalized time-domain transmission signal of the close to perfect-adiabatic 
tapered fiber (Figure 45 (a)) has a much smaller oscillation amplitude than that of the less adiabatic 
tapered fiber (Figure 43 (a)). For the less adiabatic tapered fiber, the largest oscillation amplitude 
in the normalized transmission signa is around 8%, while for the close to perfect-adiabatic tapered 
fiber, the largest oscillation amplitude is around 2% throughout the whole tapering process. The 
reason for this difference is because that in a close to perfect-adiabatic tapered fiber, only a small 
fraction of the input light is coupled into the higher-order mode and contributed to the beating-
induced oscillation. In fact, the oscillation amplitude of the beating-induced oscillation is so small 
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that it is already close to that of the system-noises-induced oscillation and has caused quantization 
error in the signal due to the limited resolution of the optical detection system. 
Secondly, comparing to the spectrogram of the less adiabatic tapered fiber (Figure 44), the 
spectrogram of the close to perfect-adiabatic tapered fiber is less noisy and shows only one visible 
intensity curve that corresponds to the beating between the higher order mode and the fundamental 
mode. Using the fitting method described earlier, we identified the higher order mode to be the 
HE12 mode. This result shows that during the tapering process of a close to perfect-adiabatic 
tapered fiber, not only the energy coupled to the higher order mode is small, but also only one 
higher order mode (HE12) is generated through the whole tapering process.  
 
 
Figure 45 (a) Time-domain transmission recorded during the fabrication of a close to perfect-
adiabatic tapered fiber. (b) A spectrogram showing the frequency-domain signal of the close to 
perfect-adiabatic tapered fiber. 
 80 
 
Also, by comparing the time-domain and frequency-domain transmission signals of the close 
to perfect-adiabatic fiber tapering process (Figure 45 (a) and (b)), it again shows the advantage 
and necessity of the frequency-domain-based monitoring method we have discussed in section 3.6. 
The time-domain signal cannot be used for determining the triggering of the single mode state of 
the close to perfect-adiabatic tapered fiber, because the beating-induced oscillation is buried within 
the system-noises-induced oscillations throughout the whole tapering process as shown in Figure 
45 (a). The only information related to the optical modes provided by the time-domain signal is 
that when the averaged transmission started to decrease at the tapering length of ~25 mm, it signals 
that light energy started to couple from the fundamental HE11 mode to the higher order HE12 mode. 
In comparison, as shown in Figure 45 (b), the frequency domain signal in the spectrogram clearly 
shows the evolution of the optical modes within the tapered fiber, including the generation of the 
higher-order mode, the beating-frequency shift, and most importantly, the single-mode triggering.  
3.8 SUMMARY 
In this chapter, a low-cost and highly accessible heat source, ceramic housed electric furnace 
(CHEF), is experimentally demonstrated. The CHEF-based fiber tapering setup can fabricate high-
transmission adiabatic tapered fibers in a highly repeatable fashion. The performance of the CHEF 
was experimentally investigated in a parametric study. Recommendations on the design 
parameters of the CHEF was given based on the parametric study. The temperature distributions 
within the CHEFs of different designs are experimentally characterized. Fundamental 
understanding of the optical modes evolution in a tapered fiber is presented. Based on this 
fundamental understanding, a new frequency-signal-based monitoring method for the fiber 
tapering is developed. The frequency-signal based monitoring method can reliably determine the 
triggering of the single mode state of the tapered fiber, which is challenging for previous 
monitoring methods. This monitoring method will greatly benefit applications that require the 
tapered fiber to be both at a single mode state and have a fiber diameter that has not been over 
decreased (overly decreased diameter will cause the tapered fiber to be mechanically weak). Using 
the CHEF-based fiber tapering setup and the frequency-based monitoring method, a close to 
perfect-adiabatic tapered fibers is experimentally demonstrated and analyzed based on the optical 
waveguide theory.  
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Chapter 4  D-SHAPE FIBER-TIP RELATIVE HUMIDITY SENSOR BASED 
ON LOSSY MODE RESONANCE 
In this chapter we switch gears from the tapered fibers to another type of specially shaped optical 
fibers that can allow the fiber-guided light to interact with the environment, namely, the D-shape 
fiber. The D-shape fiber-tip sensor we have developed can measure relative humidity and local 
moisture content using the lossy mode resonance signal generated by the sensor. This is the first 
time that the lossy mode resonance is demonstrated on a single-mode fiber with a fiber-tip form 
factor. The fiber-tip form factor will allow the sensor to access locations with limited space and 
requires only one small opening for the sensor implementation. This is also the first time that a D-
shape lossy mode resonance sensor is being used for relative humidity/moisture sensing. To fully 
understand the performance of the sensor, its working principle is studied using numerical 
simulation and analytical analysis together with fundamental understandings provided by previous 
works. The sensor’s response to relative humidity changes is experimentally characterized using a 
custom-built humidity chamber. Other than relative humidity, the sensor’s capability of indirectly 
measuring the moisture content change of a food sample through local relative humidity changes 
within the food sample was also experimentally demonstrated.  
The rest of this chapter is organized in the following way. In section 4.1, recent development 
of optical-fiber-based LMR sensors is briefly reviewed. In section 4.2, the design and fabrication 
method of the D-shape fiber-tip lossy mode resonance sensor is introduced. In section 4.3, a 
numerical simulation and analytical analysis are carried out to study the working principle of the 
D-shape-fiber-based lossy mode resonance. The relationship between the relative humidity and 
LMR signal is also explained in this section. In section 4.4, a relative humidity characterization 
system based on a customized humidity chamber is introduced, followed by an experimental 
characterization of the senor’s response to relative humidity changes. In section 4.5, the D-shape 
fiber-tip sensor’s potential of monitoring moisture content change in food samples in real time was 
experimentally demonstrated. 
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4.1 REVIEW OF THE RECENT DEVELOPMENT OF LMR OPTICAL FIBER SENSORS 
In recent years, the relatively new lossy-mode-resonance (LMR) optical fiber sensors have been 
extensively explored. Their versatility is exploited for sensing of various physical parameters 
including voltage [78], electric current  [61], relative humidity [77], gas  [61], chemical, and bio-
chemical [110]. The LMR optical fiber sensors have the advantages of high sensitivity, small 
footprint, and can be used in harsh environment [78]. However, most of the lossy-mode-resonance 
optical fiber sensors have an in-line design [76], in which the input and output fiber ends are on 
different sides of the sensor. Such design requires a large spatial clearance on both sides of the 
fiber sensor to avoid the breakage of the input and output fibers. Particularly, for small food 
samples in food processing, it is difficult to implement an in-line sensor. However, it is important 
to measure the moisture content of food samples during the food manufacturing process, because 
the moisture content can influence the food’s textural properties and its shelf-life [111]. With such 
a need, lossy-mode-resonance sensors that are located at the fiber tips are desired because of the 
easy implementation, probe-like form factor, and high mechanical robustness. 
4.2 SENSOR DESIGN AND FABRICATION 
In this section, we introduce an LMR-based D-shape fiber sensor with a fiber-tip form factor, as 
shown in the 3 schematics in Figure 46 (a) and (b). The tip form factor of the sensor allows it to 
be used as a needle probe and to access narrow spaces with a single opening as small as its diameter 
(~125 𝜇m). The tip of the sensor has a D-shape cross-section, which is fabricated using a custom 
side-polishing setup. A ~195 nm SnO2 film was sputter-coated onto the side-polished fiber surface, 
acting as the sensing layer that supports the lossy mode resonance and changes refractive index 
when the environmental relative humidity changes.  
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Figure 46. (Left) 3D model of the side-polished D-shape optical fiber. (right) schematic showing 
the cross section of the D-shape fiber sensor. 
 
Fig. 47 (a) and (b) show the photo and schematic of the in-house side-polishing setup that 
we have developed to fabricate the D-shape fiber tip. Before the polishing, a single-mode fiber 
(SMF-28) was putting under tension and partially wrapped around a polishing rod. The polishing 
rod is mounted on and driven by a DC motor. The polishing time is determined by monitoring the 
drop of the real-time optical transmission from the fiber that is being polished. After the polishing, 
as shown in the fabrication schematic in Fig. 47(d), the polished fiber was cleaved into two side-
polished fiber tips, whose SEM images are shown in Fig. 1(e). Finally, a ~195 nm thick SnO2 film 
was coated on the polished surfaces.  
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Figure 47. (a) Photo and (b) schematic of the fiber side-polishing setup. (c) Schematics of the 
sensor’s fabrication process. (d) SEM photos of the side-polished fiber tip 
 
After the D-shape fiber tip was fabricated, the residual cladding thickness (dr) of the D-shape fiber 
was characterized using a microscope. Microscope images of the end face of the D-shape fiber tips 
with different residual cladding thicknesses were shown in Figure 48. The residual cladding 
thickness of each D-shape fiber tip was calculated using a computer program. First, the length 
represented by each pixel in the microscope images was calculated. Then, the position of the core 
was found by fitting the boundary of the D-shape fiber using a circle with equivalent diameter of 
125 µm (red circles in Figure 48). Finally, the residual cladding thickness, which is the distance 
between the polished surface (represented by the red lines in Figure 48) and the fiber core 
(represented by the blue circles in Figure 48), were calculated. The dr of a D-shape fiber is critical 
for the LMR generation. If the dr is too thick, the evanescent field of the core mode will not be 
able to reach the SnO2 film to excite the lossy mode resonance; if the dr is too thin, a large portion 
of the evanescent field will be propagating within the SnO2 film and cause large transmission loss 
even at non-resonance wavelengths (because the SnO2 film is optically lossy). The dr of an LMR 
D-shape fiber is between ~2 to ~4 µm. At this residual cladding thickness, the evanescent field of 
the core mode can reach the SnO2 film and excite the LMR at the resonance wavelength but will 
not cause big transmission loss at non-resonance wavelengths. The two columns in Figure 48 show 
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the microscope photos of both successfully polished D-shape fibers with ideal dr and failed ones 
with either too thick or too thin dr. Typically, with the customized fiber polishing setup, from 10 
polished fibers, at least 7 fibers will have a dr between ~2 to ~4 µm and can be used as LMR 
sensors. 
 
Figure 48. (a-d) Microscope images of the end face of successfully polished D-shape fiber tips. 
These D-shape fibers have a residual thickness (dr) between 2 to 4 µm. (e-f) Microscope images 
of the end faces of unsuccessfully polished D-shape fiber tips. (e) has a too large residual 
thickness, and (f) has a too thin residual thickness.  
4.3 WORKING PRINCIPLE OF THE D-SHAPE LMR RELATIVE HUMIDITY SENSOR 
In an LMR sensor, light that is guided in the fiber’s core mode can be coupled into the optically 
lossy film layer when reaching the polished fiber section. The coupling efficiency is determined 
by two conditions: the electromagnetic field overlapping and the phase (effective mode index) 
matching between the core mode and the film mode. These conditions are influenced by the film’s 
refractive index and the light’s wavelength. When the film’s refractive index increases the 
resonance wavelength will red shift and vice versa. At the lossy mode resonance, the coupling 
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efficiency reaches a maximum, resulting in a minimum power left in the core. In this section, the 
lossy mode resonance phenomenon is studied using both numerical simulation and analytical 
analysis. The analytical analysis provides a method to calculate the optical transmission of the 
LMR sensor, while the numerical simulation of the optical modes provides the parameter 
(imaginary part of the effective mode index) required for the transmission calculation. Potentially, 
a finite-difference time-domain method (FDTD) can provide simulation results that is closer to the 
real sensor, but this topic is outside the scope of this dissertation and is not discussed in this section.  
4.3.1 Analytical analysis of the transmission of an LMR sensor 
For an optical mode propagating along the optical fiber, the electric and magnetic field can be 
written as the following: 𝑬(𝒙, 𝒚, 𝒛) = 𝑒(𝑥, 𝑦)𝑒𝑥𝑝(−𝑗𝛽𝑧) (15) 𝑯(𝒙, 𝒚, 𝒛) = ℎ(𝑥, 𝑦)𝑒𝑥𝑝(−𝑗𝛽𝑧) (16) 
where E and H are the total electric and magnetic field, e and h are the transverse electric and 
magnetic field, and 𝛽 is the propagation constant. The propagation constant can be written as 𝛽 =𝑘[(𝑛'XX + 𝑗𝑛'XX ), where 𝑘[ is the propagation constant in vacuum, and  𝑛'XX and 𝑛'XX′ are the 
real and imaginary parts of the effective mode index. The optical power flow carried by an optical 
mode through the fiber is characterized by the Poynting vector S as: 𝑺 = 12𝑅𝑒(𝑬 × 𝑯∗) = 12𝑅𝑒(𝑒 × ℎ∗)exp	(−2𝑛'XX 𝑘[𝑧) (17) 
The total power flow in an optical fiber carried in one optical mode can be calculated by integrating 
the Poynting vector across an infinite cross section as 𝑃2%2*)(𝑧) = ∬𝑺𝑑𝐴 =\F eNF-KLL² ³´i ∬𝑅𝑒(𝑒 × ℎ∗) 𝑑𝐴. The optical transmission of a fiber of length 𝑙 can be written as 𝑇 =¸¹V¹QP())¸¹V¹QP([). Since the term ∬𝑅𝑒(𝑒 × ℎ∗) 𝑑𝐴 is a constant for a fixed optical mode, the transmission 
can be simplified to be 𝑇 = eNF-KLL² ³´). From the derivation above we know that to calculate the 
transmission of an LMR fiber sensor, we only need to know the imaginary part of the effective 
mode index of the propagating mode which is 𝑛'XX . In the next section, 𝑛'XX  of the optical mode 
propagating in the LMR fiber is calculated using numerical simulations. 
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4.3.2 Numerical simulation of the LMR phenomenon 
A numerical simulation is conducted using a commercial finite element method (FEM) software 
(COMSOL Inc.). In the simulation, optical modes at the cross section of a D-shape fiber is solved 
at different wavelengths. The model used for the simulation is shown in Figure 49. It consists of 4 
domains, the optical fiber core and cladding, the SnO2 film coating, and the environment (air). The 
refractive index of the core is set to be 1.447, the refractive index of the cladding is set to be 1.4419, 
the real part and imaginary part of the refractive index of the SnO2 film is set to be 1.77 and 0.004 
respectively. The refractive index of the environment is set to be 1. A scattering boundary 
condition is applied to the boundary of the environment (the red outmost circle in the model). With 
this boundary condition, the outgoing light will not be reflected at the environment boundary, in 
other words, the environment boundary (the outmost circle in the model) is transparent to the 
outgoing light wave.  
 
Figure 49 Schematic of the model for optical mode analysis of the LMR sensor. The SnO2 film 
has a thickness of 200 nm. The residual thickness of the D-shape fiber is 3 𝜇𝑚. 
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Figure 50 (a) The dispersion curve of the isolated film mode (TE11) and core mode (HE11). The 
isolated film mode is calculated using a D-shape fiber model with the core having the same 
refractive index as the cladding. The isolated core mode is calculated using a D-shape fiber 
model with the film having the same refractive index as the cladding. (b) shows the calculated 
optical transmission of the LMR fiber sensor. The three inset images show the optical energy 
distribution of the super-mode at different wavelengths. The dashed line show that the resonance 
is located at the wavelength where the film mode and the core mode have the same effective 
mode index.  
 
The numerical simulation shows that light propagate along the D-shape fiber in the so-called super-
mode, which is a hybridization of the film mode (TE11) and the core mode (HE11). The optical 
energy intensity distribution of three selected super-modes at different wavelengths are shown in 
Figure 50 (b). From the simulation results we can see that the energy is most efficiently coupled 
from the core mode to the lossy film mode at the LMR wavelength. At this wavelength, the 
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corresponding effective mode index of the film mode and the core mode are about the same, as 
shown in Figure 50 (a) and (b). In fact, previous work has shown that this is wavelength is also 
where the electromagnetic field of the core mode and the film mode overlap the most [32]. Using 
the imaginary part of the effective mode index of the super-mode 𝑛'XX′ provided by the numerical 
simulation and the equation 𝑇 = eNF-KLL² ³´), we can calculate the normalized transmission of the 
LMR fiber sensor as shown in Figure 50 (b). From the transmission plot we can see that indeed, 
the lowest transmission is at where the core mode most efficiently couple to the film mode.  
 
4.3.3 Fundamental understanding of the influence of the relative humidity on the 
LMR signal 
In this section we address the question: how the relative humidity changes can be read out by the 
LMR sensor. It has been demonstrated that the LMR wavelength is sensitive to the environmental 
refractive index changes [76]. When the environmental refractive index increases/decreases, the 
LMR spectrum will shift to a longer/shorter wavelength. As shown in Figure 51. (a), the 
environment seen by the SnO2 sensing layer consists a layer of adsorbed water molecules. Since 
water has a larger refractive index than air (nwater=1.33, nair=1), when the thickness of the adsorbed 
water layer changes, the effective environmental refractive index seen by the fiber sensor will also 
change. And because the thickness of this adsorbed water layer has a positive correlation with the 
relative humidity, one can use the LMR fiber as a relative humidity sensor. To better understand 
the correlation between the adsorbed water thickness and relative humidity, we need to examine 
how the water molecules are attached to the fiber sensor surface. The attached water can be 
separated in two layers based on the different adsorption mechanisms as shown in Figure 51. (b), 
namely the chemisorbed and the physisorbed layer. The chemisorbed water layer is formed once 
the SnO2 film coating is exposed to the water molecules in the air. This is because that water is a 
polar molecule, and the negatively charged oxygen of the water molecule is attracted to the cationic 
Sn molecules of the SnO2 film to form a strong hydrogen-oxygen chemical bond [112]. After this 
non-reversible chemisorbed layer is formed, additional water molecules will then attach to the 
chemisorbed water molecules through a physisorption process. The physisorbed layer is hold 
together by a weak electrostatic force. As a result, the physisorption process is a reversible process. 
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The thickness of the physisorbed layer is determined by the relative humidity. When the relative 
humidity increases, the increased water vapor pressure in the environment will cause more water 
adsorption and a thicker physisorbed layer; when the relative humidity decreases, the decreased 
water vapor pressure will cause more adsorbed water to leave the physisorbed layer and result in 
a thinner physisorbed layer. As a result, when RH increases, the physisorbed water layer thickness 
will increase, which will cause the film’s effective refractive index to increase, and the LMR 
spectrum will shift to a longer wavelength, and vice versa.  
 
Figure 51 (a) A schematic showing the water molecules adsorbed by the SnO2 film coating on 
the optical fiber. (b) A schematic showing the chemical bonding of the chemisorbed and 
physisorbed water layer. 
4.4 CHARACTERIZATIONS OF THE LMR SENSOR FOR RELATIVE HUMIDITY (RH) 
SENSING  
4.4.1 Optical system for the sensor characterization 
The optical system used to characterize the LMR sensor is shown in Figure 52. A broadband 
superluminescent diodes (SLD) from Thorlabs (S5FC1021P, Thorlabs Inc.) with center 
wavelength at 1310 nm and 85 nm bandwidth is used as the light source. The polarization of the 
light from the SLD can be adjusted using an optical polarization controller (FPC032, Thorlabs Inc.) 
before input into the LMR sensor. An optical circulator (CIR1310-APC, Thorlabs) is used to 
couple the input light to the LMR sensor and the output optical signal to the spectrometer 
(BTC261P-512-S, B&W TEK).  
 92 
 
 
Figure 52 Schematic of the optical system for the LMR sensor characterization. 
 
4.4.2 Experimental characterization of the LMR signal 
Experimentally measured LMR spectrum 
The sensor’s LMR spectrum is characterized using the optical system described in section 4.4.1 
(Figure 52 ). An LMR spectrum of the sensor acquired in room environment at relative humidity 
around 23% is shown in Figure 53. The resonance wavelength of the LMR signal is at around 
1346.5 nm. The full width half maximum (FWHM) of the resonance is around 15 nm.  
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Figure 53 Experimentally measured LMR spectrum of the sensor. 
 
4.4.3 Development of the characterization system 
4.4.3.1 Customized RH chamber 
 
Figure 54 Schematics and photo of the customized humidity chamber. 
 
In this section, a relative humidity (RH) characterization system based on a customized RH 
chamber is introduced. The schematics and the photo of the humidity chamber is shown in Figure 
54. The customized RH chamber has two parts, a main chamber and an air-mixer chamber. Filtered 
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compress air (dry air) and air that has passed through water (humid air) will first be mixed at the 
air-mixer chamber before output into the main chamber. The pre-mixing of the humid and dry air 
at the air-mixer chamber will allow the RH within the main chamber to be adjusted more quickly 
and allow the RH within the main chamber to be hold at a same RH with lower fluctuations. By 
adjusting the air valves, both the RH and the flow rate of the air input into the main chamber can 
be adjusted. The optical fiber sensor and a commercial electrical RH sensor (RH-USB, OMEGA) 
are inserted in the main chamber, as shown in the schematics in Figure 54. The electrical sensor is 
used as a reference to characterize the optical sensor’s response to RH changes.  
4.4.4 Experimental characterization of the LMR sensor’s dynamic response to 
relative humidity 
In this section, experimental characterizations of the LMR fiber-tip sensor using the relative 
humidity chamber is presented. The characterized sensor parameters include the sensitivity, 
response time, and dynamic response of the sensor. To characterize the sensitivity of the sensor, 
we changed the RH value within the humidity chamber in steps over ~8500 seconds and recorded 
the optical spectra as shown in Figure 55 (a) and (b). The shift shown in the zoomed-in spectra 
(Figure 55 (b)) is due to the shift of the LMR wavelength when the environmental RH changes. 
There are two ways that the shift of the LMR spectrum can be characterized, one by monitoring 
the shift of the resonance wavelength, another one by monitoring the optical intensity change at a 
fixed wavelength that correspond to the shoulder of the resonance. While both methods are 
commonly used, comparing to the resonance-wavelength-based method, the intensity-based 
method only require information from a single wavelength and hence can allow a faster sampling 
time. Here the intensity-based monitoring method is used to experimentally characterize the 
sensitivity of the LMR fiber-tip sensor. Optical intensity changes at the wavelength that correspond 
to the shoulder of the LMR signal at different RH values were recorded as shown in Figure 55 (c). 
For each RH value, a 100-seconds long optical intensity data was chosen, and their average value 
was used to represent the optical intensity of the corresponding RH value. The averaged optical 
intensity at different RHs were plotted in Figure 55 (d). By fitting the plotted data, the sensitivity 
of the sensor was calculated to be around 0.15% RH/Int, meaning that for 1% of RH value change, 
the optical intensity will change ~6.7 units. It is noted that the sensitivity of the sensor may vary 
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between different measurements, a more detailed characterization of the sensor is required in the 
future. 
 
 
Figure 55 (a) and (b) show the LMR spectra measured at different RH values and the zoomed-in 
LMR spectra at different RH values. (c) Optical intensity changes recorded over 8500 seconds at 
the pixel indicated by the red-dashed line in (b). Each intensity step corresponds to a different 
RH value. (d) A plot showing the optical intensities at different RHs, and a linearly fitted curve 
showing the relationship between the relative humidity and the optical intensity of the LMR 
spectra at the pixel number 183. 
 
Response time and dynamic response 
The LMR sensor’s response time and response to a dynamically changing RH signal were 
experimentally characterized. In the experiments, the response time of the sensor is defined as the 
time required for a sensor to reach equilibrium from the starting RH value to the end RH value. As 
a result, the defined response time is dependent on the absolute RH value change. To characterize 
the sensor’s response time, the LMR fiber sensor and an electrical reference sensor were inserted 
into the humidity box. A step RH change from ~5% to ~83% was then introduced to the humidity 
box at t = 0 second. Both the LMR sensor’s and the electrical reference sensor’s responses to this 
step RH change were recorded and shown in Figure 56 (a). From the result we can see that the 
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LMR fiber sensor has a response time of ~480 seconds for a step RH change from ~5% to ~83%. 
Another parameter that can help to characterize the sensor’s response time is the time required for 
the sensor to start to respond to the RH change. As shown in Figure 56 (b), after the step RH 
change was introduced at t = 0 second, the optical fiber sensor started to respond at around t = 55 
second, while the electrical sensor started to respond at around t = 65 second. These results show 
that while the optical and electrical sensor have about the same response time, the optical sensor 
require a shorter time to start to respond to RH changes. 
 
Figure 56 (a) Optical (orange) and electrical sensor (blue) responses to a step RH change from 
~5% to ~83%. (b) Zoomed-in plot of the full response. It shows the sensor measurements from 0 
to 200 seconds, which corresponds to the red highlighted section in (a). The plot shows that the 
optical sensor started to respond to the RH change ~10 seconds earlier than the electrical sensor. 
 
To characterize the LMR fiber sensor’s dynamic response, the sensor was subject to a periodically 
changing RH. Both the RH value read out by the electrical sensor and the optical intensity change 
at the shoulder position of the LMR resonance were recorded during the experiment as shown in 
Figure 57. The electrical signal and the optical signal were overlapped for each RH variation cycle. 
This overlapping shows that the optical fiber sensor has a low hysteresis and can be used to 
measure dynamically changing RH signals.  
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Figure 57 Characterization of the optical fiber sensor’s dynamic response. The blue curve shows 
the RH measured by the electrical sensor; the orange curve shows the optical intensity signal 
measured by the optical fiber sensor.  
 
4.5 EXPERIMENTAL DEMONSTRATION OF THE SENSOR’S CAPABILITY OF 
MEASURING MOISTURE CONTENT IN FOOD SAMPLES 
One important motivation of developing the LMR relative humidity sensor is using it to monitor 
the moisture of food samples during their drying processes. To achieve such moisture content 
monitoring, one need to insert the fiber sensor into the food sample to measure the local relative 
humidity of the food. The food’s moisture content has a positive correlation to the local relative 
humidity within the food, higher moisture corresponds to higher relative humidity and vice versa. 
In this section, the LMR fiber sensor’s response to food sample’s moisture content change was 
experimentally characterized. The results demonstrated that the LMR fiber sensor can be 
potentially used for real-time moisture monitoring in the drying process of food. 
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Figure 58 (a) Photo of the experimental setup for the cookie’s water content measurement. (b) 
Experimentally measured LMR spectra during the drying process of the cookie. The inset shows 
the original LMR spectrum and the corresponding Gaussian filtered spectrum. (c) The LMR 
wavelength shift and (d) the moisture content change at different time points of the drying 
process. 
 
The sensors are characterized in the following way. A wet cookie with a small (~3 mm wide) 
gap was placed on a 200 ˚C hot plate. The LMR fiber-tip sensor was inserted into the wet cookie 
through the gap, as shown in Figure 58(a). During the drying process, as the water was evaporated 
from the cookie, both the cookie’s moisture content and the local relative humidity in the gap 
decreased and were read out by the fiber-tip sensor. The moisture content here is defined as the 
ratio between the weight of water within the cookie and the dry cookie weight. The dry cookie 
weight was measured 140 minutes after the cookie was put on the hot plate. The experimentally 
measured and Gaussian filtered LMR spectra at different time points of the drying process are 
shown in Figure 58 (b). The corresponding LMR wavelength shifts are shown in Figure 58 (c). 
We have also measured the moisture content of the food product at different time point, as shown 
in Figure 58 (d). By comparing Figure 58 (c) and (d) we can see that the LMR wavelength shift 
and the moisture content change has a very similar trend. This confirms our sensor’s capability of 
moisture measurement. Moreover, the plots show that a moisture content change lower than 3% 
can be differentiated using the LMR spectra. These results show that the LMR fiber-tip sensors 
hold high potential for in-situ moisture content monitoring in the drying processes of foods. Such 
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sensors can enable real-time feedback control of the drying process and improve the energy 
efficiency of the drying process. It is noted however, the characterization conducted here didn’t 
give a specific relationship between the food moisture content and the optical signal. Further 
characterization is underway to investigate the sensor’s response at different food moisture content 
and the temperature influence to such measurements. 
4.6 SUMMARY 
In this chapter, we developed an LMR based optical fiber-tip relative humidity/moisture sensor 
and a customized fiber side polishing setup for the sensor fabrication. To the best of the author’s 
knowledge, this is the first time that the lossy mode resonance has been demonstrated on a D-shape 
fiber tip. The working principle of the lossy mode resonance has been investigated using numerical 
simulations. The sensor’s sensitivity and dynamic response to the relative humidity have been 
experimentally characterized using a customized humidity chamber. The sensor’s dynamic 
response to moisture content change was characterized using a cookie sample. The preliminary 
characterization results show that the LMR sensor is capable of reading out moisture content 
change smaller than 3%. These results demonstrated that the LMR fiber-tip sensor can potentially 
be used for in-situ relative humidity and water content monitoring for the process control in food 
manufacturing, particularly food’s drying process. A more detailed characterization of the sensor’s 
response to moisture content change is underway, including response time, sensitivity, resolution, 
and temperature dependency.  
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Chapter 5   RECONFIGURABLE ACRYLIC-TAPE-HYBRID MICROFLUIDICS  
As we have previously mentioned, the integration of special-shape optical fibers with microfluidics 
can benefit many applications, such as optical sensing [12] and microparticle manipulations [34]. 
However, existing microfluidic platforms, particularly the most widely used PDMS-based 
microfluidic platform, are not ideal for such integrations (detailed reasons are listed in section 
1.4.1.3.3). In this chapter, we developed an acrylic-tape hybrid microfluidic platform that can 
allow the special-shape optical fibers (or optical fibers in general) to be integrated with the 
microfluidic devices in a straightforward way. The devices are fabricated by a readily accessible, 
straightforward process, and has a reversible tape-based sealing mechanism. While the sealing 
mechanism can reliably confine the fluids within the channel, it can also allow optical fibers to be 
inserted and aligned in the microfluidic channel in a straightforward way. Furthermore, this 
sealing mechanism can allow in-the-field reconfiguration of the device functions by changing 
tapes or the optical fibers inside. 
The rest of this chapter is organized in the following way. In section 5.1, a brief review of 
the existing microfluidic platforms is presented. In section 5.2, the fabrication methods of the 
microfluidic device are introduced. In section 5.3, the flow in the acrylic microfluidic channels is 
experimentally characterized. In section 5.4, function multiplexing using the reconfigurable 
acrylic-tape microfluidic device is experimentally demonstrated. In section 5.5, two on-chip 
pumps, the on-chip paper pump and the on-chip pipette tube pump are experimentally 
demonstrated. In section 5.6 In section 5.6, monodisperse droplets generation is experimentally 
demonstrated on a syringe pump driven acrylic-tape microfluidic device. In section 5.7, 
preliminary experimental results showing the acrylic-tape microfluidic devices’ capability of 
optical fiber integration is demonstrated. 
5.1 REVIEW OF EXISTING MICROFLUIDIC PLATFORMS 
Since the first demonstration1, polydimethylsiloxane (PDMS) [113] has been a dominant 
microfluidic platform with applications across a wide range of fields, including biology [114–116], 
chemistry [114, 117], soft electronics6, and biomedical analyses [119]. However, PDMS based 
microfluidic devices have a number of limitations. The fabrication process is based on 
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photolithography and soft lithography, which are time-consuming, need relatively expensive 
equipment such as plasma cleaners, and typically require a clean room environment. It can be 
difficult to translate the process into industrial mass productions8. In addition, most of the O2 
plasma enabled PDMS-glass bonding is irreversible, while reversible sealing is beneficial because 
it allows reconfiguration of device functions and thorough sterilization of microfluidic channels. 
Various alternative microfluidic platforms have been proposed to address the challenges of 
PDMS platform, including paper microfluidics [121, 122], 3D-printed microfluidics [123,124], 
injection-molded blocks microfluidics [124], and acrylic microfluidic [126–131]. The fabrication 
of these platforms does not need clean room facilities or plasma bonding as PDMS devices do. 
Paper microfluidics have benefits of low cost, lightweight, and disposable, compared with the 
PDMS platform. However, paper microfluidic devices are mechanically weak and have poor flow 
control [134]. 3D-printed and injection-molded blocks microfluidics have benefits of function 
reconfigurability, which means the functions of the microfluidic devices can be changed without 
the need of fabricating new parts. This is realized by their modular designs [123–125], which 
enable different blocks to be rearranged in the field to provide different functions. However, both 
their fabrication and assembling processes are relatively complex and cannot be done by a novice 
without proper training. Acrylic microfluidic devices have benefits of mechanical durability and 
low cost. Furthermore, acrylic, also referred to as poly(methyl methacrylate) (PMMA), is non-
porous and hence can prevent adsorption or absorption related contaminations. In most of the 
previously demonstrated acrylic microfluidics, the bonding between the channels and the covers 
was realized by hot laminating machine [127], thermal fusion bonding [128] or solvent-assisted 
lamination [127], all of which are permanent and needs special equipment. In addition, these 
bonding processes take longer than 20 minutes. Recently, the bonding between two pieces of 
acrylic has been realized more quickly by double-sided tapes [129]. However, this bonding 
mechanism is not reconfigurable because the channels were formed inside the tapes. 
Reconfigurable microfluidic devices made from low cost and mechanically durable materials in a 
rapid fashion are yet to be demonstrated. Reconfigurable microfluidic devices made from low cost 
and mechanically durable materials in a rapid fashion are yet to be demonstrated. In addition, 
inserting optical fibers in the microfluidic devices is challenging particularly for PDMS 
microfluidics. There is a strong need for a new microfluidic platform that is easily accessible, low-
cost, and compatible for specially shaped optical fibers. 
 102 
5.2 FABRICATION METHODS AND MATERIALS 
Fabrication steps of the acrylic-tape hybrid microfluidic devices are shown in Figure 1(a). Firstly, 
the computer-aided-design (CAD) drawings of the devices, including flow channels and 
inlets/outlets, are developed on a computer. Secondly, a CO2 laser cutter is used to fabricate the 
devices on commercially available acrylic boards. Inlets/outlets are fabricated by cutting through 
the boards, while channels are engraved into the surface by laser ablation. Details on the laser 
ablation method can be found in previously published works [127, 131]. Briefly, when a laser spot 
that has an appropriate power moves across the acrylic surface, instead of cutting through the 
acrylic board, it heats and vaporizes a small volume of acrylic material. The resulted cavities left 
on the acrylic surface serve as the microfluidic channels. Finally, the channels are sealed with 
functionalized single-sided tapes, completing the fabrication process. A detailed discussion of the 
functional tapes is presented in the following sections. 
 
 
Figure 59 (a) Schematics of the fabrication process of the acrylic-tape hybrid microfluidic 
devices. (b) Fabricated devices by two different laser ablation modes: vector ablation (top) and 
raster ablation (bottom). The left column shows the CAD channel designs in the vector format 
(top) and the bitmap format (bottom). The right column shows the corresponding photos of the 
fabricated device and microscopic images of the channel cross-section. It is noted that the vector 
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ablated channel has a triangular cross-section (top) while the raster ablated channel has a 
rectangular cross-section (bottom). 
 
 
Multiple devices can be fabricated in a single laser cutting process on one 12” X 24” acrylic 
board. The fabrication of 10 devices takes less than 30 minutes, and the results are highly 
reproducible. This straightforward three-step fabrication process allows rapid, controllable, and 
repeatable prototyping, which can greatly increase the efficiency of the iterative design process. It 
is noted that this fabrication method is based on laser ablation and limited to materials that can be 
ablated by lasers. Materials that are transparent at the CO2 laser wavelength (around 10 𝜇m) such 
as glass cannot be used. 
There are two ablation modes in the laser cutter, namely the vector mode and the raster 
mode. The ablation modes are controlled by the formats of the CAD designs uploaded to the laser 
cutter as shown in Figure 59 (b). Each ablation mode has its own advantages and disadvantages, 
which will be detailed in the next paragraph. For the vector ablation mode, CAD designs are 
uploaded in the vector image format. In this mode, the laser cutter treats the CAD designs as 
continuous vector lines and continuously ablates these lines to form channels. For raster ablation 
mode, CAD designs are uploaded in the bitmap image format. In this mode, the laser cutter treats 
the CAD designs as discrete pixels and ablates all the pixel points with discrete laser pulses to 
form channels. Typical cross-sections of the channels fabricated by these two modes were shown 
in Figure 59 (b).  
The roughness of the channels is determined by the laser cutter settings for both vector and 
raster ablation modes, while typically the vector mode ablated channels have smoother surfaces. 
As revealed by a recent study14, the roughness of the laser-cut channels ranges from 4 nm to 10 𝜇m. A typical roughness of the vector mode ablated channels is 9.5 𝜇m, as measured by a confocal 
microscope (LEXT OLS4000, Olympus). Although the roughness is not as good as that of the 
PDMS, the laser-ablated acrylic channels meet the needs of a wide range of applications, as proved 
by all the experimental results below in this paper. The widths of the channels fabricated by the 
vector and raster ablation modes are different. Vector mode ablated channel widths are determined 
by the laser spot diameter. In our case, the typical width of the channel opening is around 200 𝜇m. 
By comparison, the raster mode ablated channels have a minimum width of around 450 𝜇m, but 
the width can be much wider and not limited by the laser spot diameter. The two types of channels 
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are preferred in different applications. Vector ablated channels are used when smooth, small 
channels are preferred, such as in droplet generation applications. The raster ablated channels with 
wider cross-sections are preferred in point-of-care testing applications, where the wider cross-
section channels make reading out the test results easier. We would like to note that strong optical 
scattering is caused by the relatively high roughness of the laser ablated channel surfaces. As a 
result, the transmission microscope images of these channels have limited resolution. However, 
the single-sided sealing tapes are optically clear and have a thickness of 50 ~ 150 𝜇m, allowing 
for reflection microscope images with good quality to be readily taken from the tape side. All the 
experimental photos of the results below were taken from the tape side at the reflection imaging 
mode, if not specified otherwise. 
The cost for fabricating acrylic microfluidic chips is low. For example, a 12” X 24” blank 
acrylic board costs less than $10, and a roll of single-sided tape costs around $2. From these 
materials, hundreds of acrylic microfluidic devices can be made even in the field, which leads to 
a material cost of less than $0.1 per device. In addition, after the tapes are peeled off, the acrylic 
substrate with channels could be thoroughly cleaned and sterilized for re-use, which further 
reduces the device cost, as well as the shipping and storage costs. The laser cutter is the most 
expensive equipment required for the fabrication. In this work, we used a professional laser cutter 
(VLS-4.60, Universal Laser Systems) simply because it is available. However, all the results 
should be repeatable by a regular laser cutter available on the market. It has been demonstrated 
that even a modified CD optical pickup head system can ablate micro-scale channels on acrylic 
boards [132]. In addition to the unique capabilities of the acrylic-tape devices, the decreasing cost 
and increasing accessibility of laser cutters in academia and industry make the platform even more 
appealing. 
5.3 EXPERIMENTAL CHARACTERIZATION OF THE FLOW IN THE VECTOR ABLATED 
ACRYLIC CHANNELS 
One important parameter of a microfluidic device is its characteristic length, which is directly 
related to the Reynolds number and the capillary action of the channel [133]. In our acrylic 
microfluidic devices, the Reynolds number is low (0.1-0.7) and the flow is laminar. Thus, a linear 
relationship is expected between the flow speed of capillary flow and the channel’s characteristic 
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length. However, as discussed above in Section 2, our laser ablated acrylic channels have rougher 
surfaces than that of the conventional PDMS microfluidics, and this roughness could cause the 
flow behavior to differ from the expectation. As a result, it is important to experimentally 
determine the dependence of the flow on the characteristic length in the acrylic microfluidic 
channels.  
For this purpose, we vector ablated acrylic channels with different heights, which resulted 
in different characteristic lengths. With a laser cutter, the height can be changed by using a different 
laser power with a fixed number of ablation passes or a different number of ablation passes with a 
fixed laser power. In both cases, the channel width on the top surface remains the same when the 
height is changed, because we focused the laser spot on the top acrylic surface before ablating the 
channels. In our experiment, we always changed the number of ablation passes with a fixed power 
to change the channel heights, as shown in Figure 60. 
 
Figure 60 Measured heights of acrylic channels fabricated by different numbers of ablation 
passes. The red dots represent heights of channels fabricated by different numbers of ablation 
passes. The heights were measured from the microscope images of the channel cross-sections. 
(Insets) Two typical microscope images. The scale bars in both images are 200 𝜇m. The blue 
linear regression line shows a linear relationship between the channel height and the number of 
ablation passes. The uncertainties are determined by the standard deviation obtained from 5 
independent measurements on channels fabricated with the same number of ablations passes. 
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In the characterization experiment, we plasma-treated the acrylic channels to create 
hydrophilic acrylic surfaces and then sealed it with hydrophilic tapes (ARflow 93049, Adhesives 
Research). After applying the liquid to the inlet without an additional pressure, the capillary-force-
driven flow was recorded by 1080p, 60 frame-per-second videos. We measured the time for the 
capillary-force-driven flow to pass through the channel and calculated the flow speed by the ratio 
of the channel length to the time. From the experiments, we found that the flow speed increased 
linearly with the channel height, as shown in Figure 61. This confirms the linear relationship 
between the flow speed and the channel’s characteristic length, in this case, the channel height. 
This linear relationship in the experiment agrees with the capillary action and Hagen-Poiseuille 
theory [134]. Briefly, the capillary force (𝐹º) on the fluid inside the channel act as an equivalent 
hydro-pressure ∆𝑃 = 𝐹$/𝐴 that drives the fluid flow. The pressure scales with channel height (𝐻) 
as as ∆𝑃	~	𝐻N\. As a result, the flow speed (𝑣) can be calculated by 𝑣 = 𝑄/𝐴 and 𝑄 =	∆𝑃/𝑅, 
where 𝑄 is the volumetric flow rate, 𝐴 is the cross-section area that scales with 𝐻F, and 𝑅 is the 
hydraulic resistance that scales with 𝐻Nv. Therefore, the flow speed 𝑣 scales linearly with 𝐻 as 𝑣	~	H. This experimental result confirms that the roughness of the laser ablated channel do not 
alter the flow behaviors that are expected from the theory. Such capillary action based microfluidic 
devices are desired in point-of-care applications for its active pump free, passively driven fluid 
flows.  
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Figure 61 Flow speed characterization. The red dots represent the experimentally acquired flow 
speeds in channels with different heights. The green line is the linear fitting between the flow 
speed and the acrylic channel height. The inset schematic shows the acrylic device used for the 
characterization. The uncertainty of each data point was determined by the standard deviation 
obtained from 5 independent experiments with the same channel. 
5.4 RECONFIGURABLE ACRYLIC-TAPE HYBRID MICROFLUIDIC DEVICES WITH 
MULTIPLEX FUNCTIONS 
It is beneficial to reconfigure the functions of a microfluidic device without re-patterning the 
fluidic channels. This allows multiplexing of different functions on one single acrylic device with 
fixed channel patterns. These devices are appealing particularly for point-of-care applications, 
where the number of devices to realize multiple functions can be significantly reduced, saving cost 
on transportation and storage. However, most of the existing microfluidic devices are not 
reconfigurable. For example, most of the PDMS based devices that are plasma bonded can’t be 
dissembled for reconfigurations. In paper microfluidics, functional chemicals or bio-markers [135] 
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are permanently coated onto the paper flow channels, making it difficult to reconfigure. By 
comparison, our acrylic-tape hybrid microfluidic platform can be reconfigured by changing the 
functional tapes, which can be done by an untrained person in the field, without requiring 
expensive equipment. The tape can be peeled off with minimum efforts for reconfigurations, and 
a new functional tape can be applied to the cleaned acrylic substrate, bestowing reconfigured, 
different functions on the same device. To showcase this capability, we demonstrate here 
reconfigurable, controlled flow actuation on an acrylic-tape microfluidic device. 
Controlled flow actuation, especially delayed flow for sequential fluids delivery, is 
important in many applications [136-139]. We demonstrated different flow actuation mechanisms 
on a spiral microfluidic channel. As shown in Figure 62, in an acrylic channel sealed by a 
hydrophilic tape, once the green-dyed water was dropped into the inlet reservoir, it automatically 
wicked into the channel by capillary action. We peeled off the hydrophilic tape, cleaned the acrylic 
channels by rinsing them with isopropanol alcohol (IPA), and applied a hydrophobic tape on the 
channels to reconfigure the device. The green-dyed water applied to the inlet was confined in the 
inlet reservoir until a finger-press actuation. The results prove that we can switch the flow actuation 
mechanisms between passive capillary force driving and active finger actuation by changing the 
tapes. 
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Figure 62 (a) Fabrication and assembly of the spiral channel acrylic microfluidic devices with 
reconfigurable flow actuation mechanisms. A spiral microfluidic channel is laser ablated onto an 
acrylic board. Either a hydrophilic or a hydrophobic tape is applied to seal the channel. (b) 
Automatic pump-free flow actuation with the spiral acrylic microfluidic channel sealed by a 
hydrophilic tape. Water with green dye was dropped into the inlet at t = 0. The whole channel 
was automatically filled due to the passive capillary action at t = 20s. (c) Finger-press flow 
actuation with the same spiral channel sealed by a hydrophobic tape. Water with green dye was 
dropped into the inlet at t = 0 and could not flow into the channel after 5 minutes because of the 
tape hydrophobicity, until actuated by a finger press on the inlet. The scale bar is 10 mm. The 
results in this figure were obtained with acrylic channels fabricated using the vector ablation 
method shown in Figure 1 and can be repeated with channels made by raster ablation (data not 
shown). 
 
In addition to the flow actuation mechanism, we demonstrated reconfigurable flow pattern 
on a single acrylic microfluidic device. Specifically, as shown in Figure 63 (a-f), we used 
hydrophilic tapes with different hydrophobic patterns to realize different flow patterns in the same 
Y-shaped acrylic channel. When the hydrophobic stripe is on the top right channel (Figure 63 (b)), 
after the red dyed water was dropped into the inlet at the bottom of the Y-channel, water was 
immediately driven by the capillary force and automatically filled the top left channel. However, 
the water was stopped by the right channel’s hydrophobic stripe, leaving the right channel dry. 
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When we used a different tape with a hydrophobic strip located at the top left channel, the flow 
pattern was reversed, as shown in Figure 63 (e). In both cases, all channels were filled right after 
a finger press was applied onto the inlet. The deformation of the tape resulting from the finger 
press generated additional hydraulic pressure that pushed the water through the hydrophobic 
stripes, as shown in Figure 63 (c) and (f). These results prove that we can reconfigure the flow 
patterns in the field, without fabricating a new device, making it potential to multiplex various 
functions on a single acrylic device. 
In the abovementioned experiment, hydrophobic patterns can be created by selectively 
replacing hydrophilic glue with a hydrophobic coating on desired areas of the tape. The detailed 
experiment steps are explained below and shown in Figure 63 (g). First, a plastic film was laser 
cut to expose the desired patterns of the final hydrophobic areas. The cut film is applied on the 
sticky side of the hydrophilic tape, serving as a mask. The exposed hydrophilic glue on the tape 
was removed by rubbing a cotton swab soaked with IPA on the surface. Commercially available 
hydrophobic fluid (GRF135, Granger) was sprayed onto the masked tape to make the exposed area 
hydrophobic. With the plastic film mask removed, the hydrophilic tape can be applied to seal the 
acrylic channels with the hydrophobic patterns at the desired locations. 
We note that acrylic-tape microfludics can be sterilized, especially before the devices are 
reconfigured. Commercially available pre-sterilized tapes (ARcare 8311, Adhesive Research) can  
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Figure 63 Reconfigurable acrylic microfluidics by functional tapes. (a-c) Flow patterns in a Y-
shaped channel (the green dotted box) sealed by a hydrophilic tape with a hydrophobic stripe 
(black dotted box) on the top right channel. (d-f) Reconfigured flow patterns in the same Y-
shaped channel sealed by a hydrophilic tape with a different hydrophobic stripe (the black dotted 
box) location. The flow patterns (a, d) before and (b, e) after the water was applied, and (c, f) 
after a finger press on the inlet (on the bottom of the Y channel). The fluid was water with red 
dye. All scale bars are 10 mm. (g) Schematics of the fabrication of a hydrophilic tape with a 
hydrophobic strip, as well as the application of the tape to an acrylic substrate with a Y-shaped 
channel.  
 
be used. By removing the tape, channels in the used acrylic microfluidic devices are fully exposed 
and can be thoroughly cleaned or sterilized by solvents. We immersed the acrylic substrates with 
laser ablated channels in IPA and ethanol over 48 hours, and there was no crack observed, proving 
the solvent cleaning is safe to sterilize our acrylic substrates. We also note that the application of 
reconfigurable functional tapes is not limited to flow pattern controls. Other functional materials 
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can be patterned onto the tapes for interdisciplinary process control, such as the chemical catalyst 
for multi-step reactions and biomarkers for immunoassays. Furthermore, the tape coating process 
is suitable for mass production in industry, which is important for translating laboratory research 
to real-world applications. 
5.5 ACRYLIC-TAPE MICROFLUIDIC DEVICES WITH ON-CHIP PUMPS 
Control of continuous flow in microfluidics is important for both laboratory experiments and in-
the-field testing. For example, in microfluidic H-filter applications [140], a controlled continuous 
flow is required for maintaining the two-phase flow boundary and transportation of the filtered 
substances. While conventional syringe pump systems can provide more accurate flow control, 
their relatively large sizes and the requirement of an AC supply can compromise their usability in 
the field. Especially when only moderate flow control is required, microfluidic devices with on-
chip pumps are preferred. In this section, we demonstrate two on-chip pump designs that are 
compatible with the acrylic-tape hybrid microfluidic devices. In both demonstrations, the acrylic 
channels were fabricated using the raster ablation method, which is shown in Figure 58 and 
detailed in Section 2. 
5.5.1 On-chip paper pump 
Paper is lightweight and low-cost, and their porous structures have excellent wicking properties to 
provide continuous flow for a relatively long time (~60s). We applied paper pumps, which was 
demonstrated previously in PDMS microfluidics29, in our acrylic-tape devices. We inserted two 
pieces of Whatman filter paper into the two outlets of an acrylic H-channel, respectively, as shown 
in Figure 64 (a). One of the inlets was filled with red-dyed deionized water (DI water), and the 
other inlet was filled with green-dyed DI water. The fluid was first driven by the capillary force to 
fill the channel and wicked into the papers at the outlets, until the paper was fully soaked with the 
fluid. The hydraulic pressure provided by the wicking paper was controlled by the paper’s cross-
section area. Two paper pumps with the same cross-sections provided equal hydraulic pressures at 
the two outlets of the H-channel. Thanks to this constant and continuous driving pressure, the two-
phase flow maintained a stable boundary in between, as can be clearly seen in the inset of Figure 
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64 (a). Besides providing constant hydraulic pressure, paper pumps with carefully designed cross-
sections can also provide various functions, as demonstrated in previous work [139]. 
 
 
Figure 64 Experiment results of (a) on-chip paper pumps and (b) on-chip pipette tube pumps. 
The channel in (a) has a width of around 2 mm, and a height of around 200 𝜇m. The inset in (a) 
shows a microscope image of the two-phase laminar flow in the channel. The channels in (b) 
have a width of around 500 𝜇m, and a height of around 200 𝜇m. The insets in (b) show the 
microscope images of the middle channel, where the output fluid was controlled in real time by 
the pumps. Scale bars in all the insets are 500 𝜇m. 
 
5.5.2 On-chip pipette tube pump. 
For applications that require flow durations longer than one minute, we used on-chip pipette tube 
pumps to drive the flow in acrylic microfluidic devices. The diameters of the rigid acrylic inlets of 
the microfluidic channels are designed to be slightly smaller than the outer diameters of the 
deformable pipette tips. As a result, the interference fit ensured fluid-tight sealing between the 
pipette tips and the acrylic inlets. The fluid height in a pipette was around 15 cm with a fluid 
volume of around 5 ml. A continuous flow in the channels was realized by the hydrostatic pressure 
at the inlet for more than 30 minutes. The hydraulic pressure can be easily adjusted on the fly by 
controlling the fluid height in each pipette. 
Figure 61 (b) shows the experimental results of a microfluidic chip with two on-chip pipette 
tube pumps. The output fluid of the middle channel can be switched in real time by controlling the 
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input pressure from the pipette pump. At first, the red and green dyed water was kept at the same 
heights in the pipettes to realize a balanced hydraulic pressure input. As a result, the red-green 
water interface is located at the center of the middle output channel, resulting in the same volume 
ratio of red and green dyed water in the middle outlet, as shown in the left column of Figure 61 
(b). When green-dyed water was drawn out from the pipette to lower its hydraulic pressure, the 
red-green water interface shifted to the right of the middle channel, as shown in the middle column 
of Figure 61 (b). As a result, only red fluid was output from the middle channel. Similarly, when 
the green pipette has a higher water level, the red-green interface shifted to the left of the middle 
channel, resulting in only green fluid output from the middle outlet, as shown in the right column 
of Figure 61 (b). A complete switch from red to green water at the middle outlet required about 
1~2 seconds. 
5.6 SYRINGE PUMP DRIVEN MONODISPERSE DROPLET GENERATION 
In addition to on-chip pumps that are preferred for point-of-care applications, traditional syringe 
pump systems are also readily compatible with the acrylic-tape hybrid devices. Syringe pumps are 
preferred for applications where well-controlled flow speeds are important while the portability is 
not a concern. 
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Figure 65 (a) 2D schematics of a T-channel acrylic-tape microfluidic device for monodisperse 
droplet generation. The channels were fabricated using the vector ablation method shown in 
Figure 1.  (b) An exploded-view showing the assembly of the device. (c) Photos of an assembled 
acrylic-tape microfluidic device. The arrows in the zoomed-in (right) photo show flow directions 
from the inlets and outlet inside the T-shaped channel, while the channel is highlighted by a 
purple dotted box. (d) and (e) are microscopic images showing two typical monodisperse 
droplets generated at volumetric flow ratios (continuous phase flow over dispersed phase flow) 
of 30 and 54, respectively. The scale bars are 200 𝜇m. (f) Experimentally measured droplet 
lengths at different ratios of continuous to dispersed phase flow speeds. The uncertainty of each 
data point is determined by the standard deviation obtained from 5 independent measurements on 
the droplets generated with the same flow ratio. 
 
Monodisperse droplet generation is an important application in microfluidics. It requires a 
continuous phase flow with a relatively high speed to squeeze and break off the dispersed phase 
fluid into droplets. To generate droplets with consistent geometries, a well-controlled and 
maintained flow ratio between the dispersed phase and the continuous phase is required. Here, we 
demonstrated droplet generation on an acrylic-tape hybrid microfluidic device and characterized 
the dependence of the droplet size on the flow rate. The channel design, assembly schematic, and 
the photos of an assembled device are shown in Figure 65 (a-c), respectively. A T-junction 
microfluidic channel design was chosen for droplet generation. To ensure a high flow rate without 
 116 
a concern of tape leakage, the tape sealed channel layer was sandwiched by two acrylic boards 
which are clamped with screws.  
Microscope images of the generated droplets with different diameters are shown in Figure 
65 (d) and (e). The fluid in the droplets was green-dyed deionized water, the continuous phase 
medium was vacuum pump oil (Vacuum Pump Oil No. 19, VWR). Droplets with different lengths 
were consistently generated by a fixed disperse phase flow rate of 1.667 𝜇 l/min and various 
continuous phase flow rates from 35 to 90 𝜇l/min. Droplet generation at a frequency of 7 Hz was 
demonstrated with a coefficient of variation (CV) of the droplet length as low as 4%. The CV is 
defined as the standard variation of the generated droplet lengths normalized by the average length. 
The characterization results of droplet lengths at different flow rates are shown in bar charts in 
Figure 65 (f), and the droplet widths were always the same with the channel width. 
In addition to the droplet generation, the functional tape sealed acrylic-tape devices can 
potentially enable droplet manipulation if proper tapes are used. For example, electric-field-based 
droplet manipulation30 requires materials that can withstand high voltages, and the electrical tapes 
(Super 88 Vinyl Electrical Tape, 3M) with 10 kV breakdown voltages are suitable for these 
applications. In magnetic-field-based droplet manipulation, magnetic tapes (Flexible Magnet Tape, 
3M) can be used to support magnetic fields in the fluid channels. Furthermore, all the above-
mentioned special tapes are commercially available, which is beneficial to decrease the cost and 
to increase the accessibility of the acrylic-tape microfluidic devices. 
5.7 PRELIMINARY EXPERIMENTAL RESULTS OF INTEGRATION WITH LMR D-
SHAPE OPTICAL FIBER SENSORS (AND FUTURE PLANS) 
Thanks to the tape-based sealing method, optical fibers can be easily integrated with the acrylic-
tape microfluidic devices. Before the tape is applied, a fiber can be inserted into a channel from 
the open top and the fiber position can be precisely adjusted. By comparison, in the commonly 
used PDMS microfluidic channels, the optical fiber has to be inserted after the channels are sealed 
between the PDMS and glass substrates. The position control of the fiber, especially in the lateral 
direction, in such closely sealed channels is difficult, if not impossible.  
The optical fiber integrated acrylic-tape microfluidic devices enjoy the advantages of both 
the microfluidic platform and the optical fibers. Specifically, for sensing applications, such devices 
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combine the high sensitivity (optical fiber sensors) and the high-throughput fluidic manipulation 
(microfluidic device) in a highly portable way, which can allow enhanced sensing capabilities in 
applications such as point-of-care diagnosis.  
Preliminary results of such integrations were experimentally demonstrated. As shown in 
the device schematic in Figure 66 (a), the acrylic device has two channels that are arranged in a T-
shape, one for fluidic flow, another for D-shape fiber senor. Figure 66 (b) shows the photo of the 
fabricated acrylic microfluidic device with a D-shape fiber sensor embedded. To investigate 
whether the integration of optical fiber will affect the fluidic flow in the device, particularly, 
whether there will  
 
 
 
Figure 66 (a) Schematic of the optical fiber integrated acrylic-tape microfluidic device. (b) and 
(c) photos showing before and after input fluid (green dyed water) into the device. 
 
be fluidic leakage close to the fiber channel, fluidic flow in the channel were experimentally 
characterized. As shown Figure 66 (c), right after a small volume of green dyed water was applied 
to the fluidic inlet, the fluid was automatically pumped into the channels due to the capillary force 
(detailed in section 5.3). The passive fluid pumping requires only a small amount of fluid and no 
additional energy cost. The fluid-filled fiber channel can allow the D-shape fiber with a specific 
coating material to sense the substance of interest in the fluid. For example, if the D-shape fiber 
sensor is coated with a specific type of antigens, when the corresponding antibodies in the fluid 
are attached to these antigens, the resulting refractive index change will change the optical signal 
and allow the sensor to detect the presence of the antibodies. Such detection capabilities are 
valuable to point-of-care applications. It is noted that, as to date, due to the limited time, no sensing 
signal has been experimentally acquired from the devices yet, more research in this direction is 
 118 
required in the future. In order to realize the full potential of the optical fiber integrated acrylic-
tape microfluidic devices, some of the important future works are listed below: 
1) Develop effectively chemical or bio-chemical coating technic to functionalize the D-shape 
fiber sensor (e.g. antigen coating).  
2) Improve the stability of the relative position of the D-shape fiber sensor in the channel to 
prevent the sensing surface touching the sealing tape. 
3) Develop more sophisticated acrylic-tape microfluidic devices that can also take advantages 
of the unique reconfigurable functional sealing tapes for the sensing.  
5.8 SUMMARY 
In this chapter, a low-cost and versatile acrylic-tape hybrid microfluidic platform is developed. 
Different from that of PDMS microfluidics, the fabrication process is rapid, straightforward, and 
does not require clean-room access or plasma bonding, which makes the acrylic-tape microfluidics 
readily translatable to industrial mass production. The tape-based reversible sealing mechanism is 
reliable for long-term applications and allows reconfiguration of device functions to be carried out 
in the field. We experimentally characterized the dependence of the capillary flow speed on 
channel geometric parameters. We demonstrated reconfigurable functions by changing functional 
tapes on the same microfluidic device, thanks to the reversible sealing and multiple flow 
mechanisms enabled by different tapes. This result indicates the potential of function multiplexing 
on a single acrylic-tape microfluidic device and the ability of changing the device functions in the 
field. Different pumping mechanisms have been investigated for the acrylic-tape platform. To 
reduce device footprints for point-of-care applications, two types of on-chip pumps, namely paper 
pumps and pipette tube pumps, have been used to demonstrate reliable and adjustable two-phase 
flow. In addition, repeatable and controllable droplet generation was demonstrated with syringe 
pumps. The ability to reconfigure and multiplex functions on a single device, augmented by its 
immediate compatibility with both on-chip pumps and syringe pumps, makes the acrylic-tape 
hybrid microfluidics a versatile platform with great potential for in-the-field applications such as 
biomedical testing and point-of-care diagnosis. Preliminary results of D-shape fiber sensor 
integration was experimentally demonstrated using a T-shape channel. Our future work will be 
focused on the integration of multiple functions across disciplines, including surface chemistry, 
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electrochemistry, biology, and fiber optics, by leveraging the adaptive and versatile nature of the 
acrylic-tape platform. 
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Chapter 6 SUMMARY AND FUTURE WORK 
6.1 SUMMARY AND CONTRIBUTIONS OF THE DISSERTATION WORK 
Specially shaped optical fibers that can not only efficiently transmit light but also allow the guided 
light to interact with the matters around it have found a wide range of applications both in 
engineering [9, 34, 75] and in fundamental science research [9, 10, 49, 85]. In the near future, with 
the quickly advancing nano/micro-fabrication technologies and the emerging trends of uniting 
electronics with photonics, it is certain that special-shape optical fibers will find more applications 
and have a strong impact to both the research community and the society as a whole.  
While the impressive capabilities of the special-shape optical fibers have already been 
widely demonstrated, they are far from perfect. Due to the lack of understanding of the optical 
properties of specially shape fibers, only a limited number of specially shaped fiber designs have 
been demonstrated. These designs did not fully exploit the capabilities of the specially shaped 
fibers. In addition, the poor controllability and repeatability of the fabrication methods have limited 
the advancement of the specially shaped fibers. 
This doctoral research aims to solve the abovementioned limitations of the special-shape 
fibers, with the objectives of achieving fundamental understanding, improving the fabrication 
methods to allow a repeatable and controllable fabrication of novel specially shaped fiber designs 
for different applications, and developing a new microfluidic platform that can allow special-shape 
optical fibers to be integrated with the microfluidic devices in a straightforward way. Based on the 
research work described in the previous chapters, the contributions of this dissertation work are 
summarized as follows: 
Contribution 1: An enhanced fiber tapering system for highly repeatable adiabatic tapered 
fiber fabrications. 
An enhanced fiber tapering system have been developed with innovations both in hardware and 
monitoring method. The innovation in hardware is the ceramic housed electric furnace (CHEF). 
The CHEF has a low cost and is highly accessible. The CHEF allows fabrication of high-
transmission adiabatic tapered fibers in highly repeatable way. To the best of the author’s 
knowledge, this is the first time that a customized low-cost ceramic-based electric heat source that 
can allow adiabatic fiber tapering has been demonstrated.  
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The innovative monitoring method is based on the frequency-domain optical transmission 
signal from the fiber that is being tapered has been developed. To the best of the author’s 
knowledge, this is the first time that a frequency-domain fiber tapering monitoring method has 
been developed. Compare to the widely used time-domain monitoring method, this monitoring 
method can reliably determine whether the tapered fiber has achieved single-mode state, which is 
critical for the fabrication of high quality tapered fibers. The enhanced fiber tapering system can 
allow a wider audience to access the high-quality adiabatic tapered fibers and apply it in a wide 
range of applications. 
Contribution 2: Lossy mode resonance (LMR) sensor enabled by SnO2 coating on a novel 
specially shaped fiber design has been developed. 
The developed LMR sensor has a D-shape fiber tip, to the best of the author’s knowledge, this is 
the first time that a fiber-tip form factor has been introduced to the D-shape fiber lossy mode 
resonance sensors. The SnO2 coating has endowed the sensor with the capability of relative 
humidity and moisture sensing. This is also the first time that a D-shape fiber lossy mode 
resonance sensor has been used for relative humidity/moisture sensing. The fiber-tip form factor 
can allow the sensor to be used like a probe and be inserted into/removed from a tight space. Such 
capability can create various new use case for the sensor, in fact, collaborators from the industry 
has already took steps in creating a utility patent for this novel sensor.  
Contribution 3: Specially shaped tapered fibers with novel designs have been developed for 
integrated photonic and microfluidic applications. 
Two novel specially tapered fibers, the tapered fiber loop and the tapered fiber helix have been 
developed. The tapered fiber loop is a type of ring resonator, while ring resonators that also have 
the name of tapered fiber loop have been demonstrated before, the tapered fiber loop developed in 
this work has two superiority that differentiated itself from them: 1) the mechanical stability of the 
tapered fiber loop in this work is significantly better. 2) the tapered fiber loops in this work can 
achieve a diameter as small as 15 𝜇m while still have a high intrinsic optical quality factor of 
32,500. In fact, neither 1) nor 2) has been demonstrated before. Tapered fiber developed in this 
work that possesses both 1) and 2) can potentially be used in various sensing applications.  
The tapered fiber helix has a 3D structure that allows it to efficiently deliver light to 
locations out of the plane defined by its two regular fiber arms. One application of the tapered fiber 
helix is integrated photonic device characterizations. The outmost protruded part of the helix can 
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couple light to an in-plane integrated photonic device through near-field optical coupling. This is 
the first time that a helical geometry has been demonstrated on a tapered fiber. More importantly, 
the straightforward fabrication method of the tapered fiber helix will allow a wider audience to 
use this tool to probe integrated photonic devices.  
Other than being used as an optical probe for integrated photonic device characterizations, 
the tapered fiber helix can also be used for micro-particle manipulations. Different from micro-
particle manipulations done by a straight tapered fiber taper, the helical geometry allows optical 
transportation of microscale particles along more complex, three-dimensional trajectories. To the 
best of the author’s knowledge, this is the first time that a three-dimensional micro-particle 
manipulation using a tapered fiber has been demonstrated. In a stationary fluidic environment, 
the fiber helix can be used to selectively approach, trap, and propel a particular particle lying on 
the substrate from a group of particles, which is challenging for straight tapered optical fibers. In 
a microfluidic channel, the fiber helix can be used to pre-focus particles to the center of the channel, 
as they pass through the channel. The three-dimensional shape of the fiber helix allows for much 
more efficient particle focusing than straight fiber tapers. This pre-focusing is important for 
effective subsequent optical detection or interrogation, such as flow cytometry and cell stiffness 
measurements in optical stretchers. 
Contribution 4: Developed an acrylic-tape hybrid microfluidic platform that can allow 
function reconfiguration and optical fiber integration.  
A low-cost, versatile microfluidic platform based on reconfigurable acrylic-tape hybrid 
microfluidic devices has been developed. The acrylic-tape hybrid device is fabricated by laser 
cutting microfluidic channels on an acrylic board, and then seal the channels with a functional tape. 
The fabrication processes are rapid, straightforward, and translatable to industrial mass 
productions. To the best of the author’s knowledge, this is the first time that the fabrication method 
of sealing the acrylic channel with a reconfigurable functional tape has been demonstrated. The 
functional tapes can allow the function of the microfluidic devices be reconfigured without 
repatterning the fluidic channels. The reconfigurable feature made the acrylic-tape hybrid devices 
particularly appealing to point-of-care applications, where the number of devices required to 
realize multiple functions can be significantly reduced, saving cost on transportation and storage. 
Furthermore, the tape-sealing method is compatible with special-shape fiber integrations. After 
inserting the optical fiber into the acrylic channel, one can directly apply the sealing tape to seal 
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the channel without worrying that the sealing process might cause damage to the fiber or misalign 
the fiber within the channel. 
 
6.2 FUTURE WORK 
The capabilities of the specially shaped fibers are far from being fully exploited. However, the 
highly accessible special-shape fiber fabrication methods and the enhanced special-shape fiber 
designs developed in this dissertation work has provided a foundation for using the special-shape 
fibers in a wide range of applications. To further improve the specially shaped fibers, specifically 
the tapered fiber loos, helices, and the D-shape fibers, the suggested future work is summarized as 
follows:   
i. Suggestions to improve the mechanical robustness of the tapered-fiber-loop sensors. 
The high optical quality factor of the tapered fiber loop, made it a promising sensor for 
various sensing applications. However, while the circular structure of the loop is 
mechanically stable and won’t unwrap even under strong air flows, the tapered fiber itself 
is relatively weak (remember that it is a ~ 1	𝜇𝑚 glass wire) and may be broken by the flow 
disturbance in a real-world environment. Furthermore, any contaminations stuck onto the 
tapered fiber will cause huge optical scattering loss can result in the failure of tapered-
fiber-loop sensor. In order to solve these problems, one solution is to develop a packaging 
for the tapered-fiber-loop sensors. For example, a tapered fiber loop can be inserted into a 
high stiffness tube, and the two regular fiber arms of the tapered fiber loop can be fixed 
onto the tube wall using glues. This way the tapered fiber loop will be protected from strong 
air flow disturbance and environmental contaminations. However, it remains a question 
that how one can allow the tapered fiber to sense the environment while being enclosed in 
a package.  
 
ii. Integrate the tapered fiber helix with the microfluidic device. 
As we have previously mentioned, tapered fiber helix can manipulate micro-particles in 
three dimensions, which is beneficial for microfluidic applications such as particle sorting 
and flow cytometry. However, due to the limited time and immature device design, 
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integrating tapered fiber helix with microfluidic devices has not been achieved yet. An 
improved microfluidic device design to allow such integration is suggested in future work.  
 
iii. Suggestions to overcome the limitations of the ceramic housed electric furnace (CHEF). 
One of the CHEF’s limitations is its relatively short lifetime (~ 3 months). The short 
lifetime is mainly due to the oxidation of the heating wire. When certain part of the wire is 
fully oxidized, the wire will break, and the CHEF will stop working. One possible solution 
to this problem is to put the CHEF-based fiber tapering setup in a chamber with nitrogen- 
purging, so that the oxidation process of the electric wire can be slowed down.  
 
The manual fabrication process of the heating coil may cause non-uniform coil spacings, 
which may result in non-uniform temperature distribution and affect the tapered fiber 
quality. One possible solution to this problem is to replace the manual coil fabrication 
process with an automated coil fabrication process that can accurately control the spacing 
between each coil.  
 
iv. Suggestions to overcome the limitations of the lossy-mode-resonance D-shape fiber sensor  
The current side-polishing setup for the D-shape fiber is based on an aluminum rod 
wrapped with a polishing paper. However, it is difficult to cut a polishing paper whose 
length is exactly the same with the circumference of the aluminum rod. As a result, there 
will be either an overlapped area or a gap introduced after wrapping the polishing paper 
around the rod. This may affect the polishing surface roughness of the D-shape fiber. It is 
suggested to look for a monolithic polishing rod whose surface can be directly used for the 
fiber polishing. 
 
Currently, some of the fabricated lossy-mode-resonance D-shape fiber sensors have a 
relatively large FWHM and low sensitivity. It is not clear what is that cause for these 
problems. It is suggested to use FDTD simulation to study the lossy mode resonance 
phenomenon. The FDTD simulation can facilitate the investigation of the optical mode 
coupling between the optical fiber and the film coating and can provide simulated 
 125 
transmission signals of different sensor designs. These enhanced fundamental 
understanding will help to better understand the lossy-mode-resonance signal.  
 
v. Fully characterize the D-shape fiber relative humidity sensor. 
As we have mentioned in Chapter 5, the lossy-mode-resonance D-shape fiber relative 
humidity sensor is an on-going project. Due to the limited time, the sensor has not been 
fully characterized yet. It is suggested to carry out a full characterization of the sensor in 
the future, including characterization of its sensitivity, response time, resolution, relative 
humidity sensing range, and temperature dependence. 
vi. Package the D-shape fiber-tip sensor.  
The polished tip of the D-shape fiber-tip sensor is fragile. However, in many applications 
it is desired that the sensor tip can be inserted or embedded into a relatively hard material 
(e.g. cookies, chips). In order to improve the mechanical strength of the sensor, a packaging 
for the sensor, especially for the tip area, is suggested in the future work.   
 
6.3 SOCIAL IMPACT OF THIS DISSERTATION WORK 
Other than being useful to the academic research community, the four thrusts of this dissertation 
work, namely, 1) fiber tapering system development, 2) special-shape tapered fibers development, 
3) D-shape fiber sensor development, and 4) development of microfluidic platform that is 
compatible with optical fiber integrations, can all potentially bring positive impact to the society. 
Their impacts are summarized in the following: 
6.3.1 Tapered fibers. 
Cost reduction for the fiber tapering system. 
In Chapter 3, we introduced a low-cost, customized heat source for the fiber tapering called the 
ceramic housed electric furnace (CHEF). The monetary cost for one CHEF is less than $5, the time 
cost for fabricating one CHEF is around 5 minutes (manual fabrication by a student). In 
comparison, the two commercially available ceramic heat sources that have a similar fiber tapering 
performance with the CHEF have a much higher cost, both in terms of money and time. The 
 126 
ceramic heat source from MHI has a price of $20600 and need a lead time of 8 to 12 weeks; the 
ceramic heat source from NTT-AT has a lower price of $2500 but it needs a longer lead time of 4 
to 6 months. As a result, the CHEF can potentially reduce the cost of accessing high-quality 
tapered fibers for the masses. 
On-the-fly optical probe for on-wafer integrated photonic testing  
One appealing feature of the tapered-fiber-helix-based optical probe introduced in Chapter 2 is 
that it can selectively characterize integrated photonic devices on a whole wafer on the fly, without 
having to modify or adding additional components to the devices. Optical probes with such 
characterization capabilities are highly desired by the integrated photonic industries. In fact, probe 
stations with similar functionalities, but for electronic devices, have proven to be a useful and 
important tool in the semiconductor industry. Since the tapered-fiber-helix-based optical probes 
have a miniaturized size, it can potentially be integrated onto an electronic device probe station 
and endowing it with optical probing capabilities. These enhanced probe stations with optical 
probing capabilities will greatly facilitate the development of the integrated photonic industry.   
Education 
The tapered fibers developed in this work have a miniaturized size and are highly portable. After 
the fabrication they can be mounted to a stiff mechanical holder. These mounted tapered fiber 
devices can be moved around with hands and do not require any further alignment. They can 
potentially be used in the K-12 education. The tapered fiber loops can demonstrate the 
phenomenon of optical ring resonators; the tapered fiber helix can demonstrate three dimensional 
optical microparticle manipulations. These experiments would inspire students’ interests in further 
understanding of the fundamental physics behind them. This educational purpose of tapered fibers 
will benefit both students and teachers. 
6.3.2 D-shape fibers 
Impact of the D-shape fiber relative humidity and moisture content sensor in the food 
industry 
The D-shape fiber relative humidity and moisture sensor introduced in Chapter 4 has an imminent 
impact in the food industry. The sensor can potentially be used to track moisture loss in a food or 
relative humidity drop in a harsh environment such as an oven. The D-shape fiber sensors can 
enable real-time, high-sensitivity, and high accuracy relative humidity/moisture measurements, 
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which can be a huge labor and cost savings on a food production line. This is because, quite often, 
companies start up an oven and have to take samples of finished product for moisture testing. They 
have to throw away product until the moisture is below a certain level. If this could be done in real 
time, it would go a long way to automating the start-up process and allowing feedback oven control 
without human intervention.  
The D-shape fiber relative humidity/moisture content sensor is even potentially a game changing 
technology for food companies needing start-up help, online monitoring, and feedback control and 
monitoring. In fact, a provisional patent has already been filed for using this sensor to measure 
moisture in wet, porous food samples. And two companies have showed great interest in buying 
the patent. 
Impact of the D-shape fiber sensor in health-care applications  
Other than measuring relative humidity and moisture, by changing or modifying the coating 
material, the lossy-mode-resonance-based D-shape fiber sensors can also be potentially used to 
measure biochemical substances such as antigens. In many health-care applications, the diagnosis 
relies on the measurements of biochemical substances in body fluids. The high sensitivities of the 
lossy-mode-resonance D-shape fiber sensors can potentially improve the detection limits of these 
biochemical-substance-related measurements, and hence can potentially improve the accuracy of 
the diagnosis in different health-care applications.  
6.3.3 Acrylic-tape hybrid microfluidic platform. 
Point-of-care applications 
Both the special-shape tapered fibers and the D-shape fibers developed in this dissertation are 
small in size, and thus have great potentials to be integrated to microfluidic devices for point-of-
care applications. Thanks to the unique functional-tape-based sealing method, the acrylic-tape 
hybrid microfluidic platform developed in Chapter 5 can potentially facilitate such integrations. 
Integrating special-shape optical fibers with the acrylic-tape microfluidic devices can potentially 
lead to a new type of point-of-care device that is portable, low-cost and has ultra-high sensitivity.   
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